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ABSTRACT 
Machinability of a material provides an indication of its adaptability to a 
machining process. In general, machinability is defined as ease of machining of a 
material, characterized by low cutting force, high material removal rate, good surface 
finish, accurate and consistent work-piece geometrical characteristics, low tool wear 
rate and good curl or chip breakdown of chips etc. 
In this research work different concentrations of various solid lubricants in 
SAE-40 oil were applied to the chip-tool interface by a new technique and their effect 
on various machinability parameters of EN-31 steel were studied under turning 
operation. In the new technique solid-liquid (mixture) lubricant was applied with a 
brush at the machining zone, so that the lubricant seeps into the chip-tool interface. 
This reduces the chip-tool interface temperature and lubricates the surface, and makes 
cutting easy. All the machinability parameters studied were found to improve by this 
technique, the amount of lubricant that seeped to the chip-tool interface was 
negligible, thus a true minimum quantity lubricant (MQL) cutting or near dry (ND) 
cutting conditions were achieved. 
EN-31 steel was selected for machinability studies, because it is widely used 
in automotive industry for the production of axle, roller bearings, ball bearings, shear 
blades, spindle, forming and molding dies, etc. Turning is the main machining process 
for the production of these parts. Therefore EN-31 steel was chosen for the 
machinability studies under turning operation. 
The machinability criteria chosen for this study were, chip-tool interface 
temperatures, cutting forces, specific cutting force, power consumption, surface 
roughness, tool wear rate, chip thickness, chip micro hardness, chip-tool contact 
length, shear angle, cutting ratio, type of chip formed and coefficient of friction. 
Cutting velocity, feed rate, depth of cut and tool nose radius were the machining 
variables used. Dry cutting, cutting under flooded liquid coolant/lubricant and with 
three different (solid-liquid) mixtures . of. lubricants were used under different 
machining conditions and different machinability parameters were evaluated. 
A tool-chip mercury pool thermocouple was designed and fabricated for these 
studies and it was calibrated using a new technique developed by the author. The 
calibration process is described in this work. 
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The percentage of solid lubricants in SAE-40 oil was varied and optimum 
percentage of the solid lubricants was determined on the basis of cutting force and 
chip-tool interface temperature. It was found to be 10% of graphite, MoS2 and boric 
acid powder. For further studies this percentage was used throughout the 
investigations. 
The planning of experimental conditions was done by composite factorial 
design, instead of one-factor at a time approach. The results were analyzed 
graphically as well as statistically by using ANOVA. Statistical modeling of various 
machinability criteria were done by response surface methodology coupled with 
factorial design. Combined Analytic Hierarchy Process (AHP) and Technique for 
Order Preference by Similarity to the Ideal Solution (AHP-TOPSIS) multi-criteria 
decision making method was used for selecting the right lubricant amongst a number 
of lubricants used during steel turning operation. Optimum combination of process 
parameters for various machinability parameters were found by using rotating square 
evolutionary operation (ROVOP) method by determining the cooling efficiency of 
different solid-liquid Iubricants. Then response surface method with grey relational 
analysis was used for optimization of multiple performance characteristics. Moreover, 
the principal component analysis was applied to evaluate the weighting values 
corresponding to various performance characteristics so that their relative importance 
can be properly and objectively described. In addition, a multi-objective performance 
characteristic called as grey relational grade was calculated by using grey relational 
analysis technique. The combination of machining parameters that gives the highest 
grey relational grade is the optimum combination that produces all the targeted 
machining indices (temperature, cutting force, feed force, surface roughness, tool 
wear rate and chip thickness) minimum. A response surface model was developed to 
correlate the multi-performance characteristic (grey .relational grade) and machining 
parameters. The new method of combining response surface modeling and grey 
relational analysis was found to be an efficient method of multi-performance 
characteristics optimization. 
Lastly, the effect of temperature of solid-liquid lubricant on machinability of 
EN-3I steel was investigated. For this study, Taguchi Design was used and Taguchi 
Utility Concept was used for optimization of surface roughness and metal cutting 
power consumption simultaneously. 
This research work has conclusively proved that application of solid-liquid 
lubricants at the cutting zone with a brush is a novel and more efficient technique than 
the flooded coolant application of a liquid coolant for improving all the machinability 
parameters. A negligible quantity of solid-liquid lubricant seeps into the tool-chip 
interface, lubricating the surfaces and the chip-tool interface temperature reduces 
because of less heat generation rate than the cooling action of flooded fluid generally 
applied. This is a real minimum quantity lubricant (MQL) technique. 
Out of the solid-liquid lubricants tested 10% boric acid + SAE-40 oil is found 
to be the best lubricant for EN-31 steel in turning operation. The application of the 
10% boric acid + SAE-40 oil lubricant at temperatures less than the room temperature 
further improves the machinability of EN-31 steel. 
Various statistical models for the different machinability indices have been 
developed and given in this work. These models can be directly used in the industries 
for selecting the cutting parameters for a specific level of a machining index selected. 
Further, optimal combinations for various machining parameters for different 
machinability criteria have also been developed and reported. These can be used by 





1.1 Significance and Obj ectibea 
Machinability is defined as ease of machining of a material. it may be 
characterized by an optimal combination of factors such as low cutting force, 
high material removal rate, good surface finish, accurate and consistent 
workpiece geometrical characteristics, low tool wear rate and good curl or 
chip breakdown of chips etc. 
In any metal cutting operation, a lot of heat is generated due to plastic 
deformation of work material, friction at the chip-tool interface and friction 
between the clearance face of the tool and work piece. The heat generated in 
machining adversely affects the quality of the products produced (dimensional 
accuracy and surface finish). The temperature of the tool plays an important 
role in the thermal distortion and dimensional accuracy of the machined parts, 
as well as on the tool life. It also weakens the surface integrity of the product 
by inducing tensile residual stresses and surface and subsurface micro cracks 
in addition to rapid oxidation and corrosion. Tools become softer and wear 
more rapidly by abrasion as temperature increases, and in many cases 
constituents of the tool may diffuse into the chip or react chemically with the 
work piece or cutting fluid. Generally such problems are tried to be controlled 
by conventional (flood) cooling with soluble oil. In metal cutting process the 
use of cutting fluids is the most common strategy to improve the tool life, the 
product surface finish and the size accuracy. The cutting fluids also make 
chip-breaking and chip transport easier. However, the introduction of cutting 
fluids often introduces air borne mist, smoke and other hazards- in the shop 
floor environment, leading to environmental pollution, and health and safety 
concerns. In addition, the cost of using cutting fluids is several times higher 
than the tool costs (kloke et al. 1997). The economical and environmental 
concerns on the use of cutting fluid leads to the research of minimum quantity 
lubrication (MQL) technique or near dry machining (NDM) (Klocke et al. 
1997). 
Cutting fluids have seen extensive use and have commonly been 
viewed as a required addition to high productivity and high quality machining 
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operations. In 2002 over 2 (two) billion gallons of cutting fluids were used by 
North American manufactures (King et al. 2001). Traditionally, cutting fluids 
have been widely used in machining operations to increase cooling and 
lubricity, so that tool life is enhanced and process variability reduced. 
However, over the last decade it has become apparent that fluid—related 
decisions have all too frequently been based upon industrial folklore rather 
than knowledge- based quantitative evidence. Recently there has been a 
change in this situation, in part because of the fact that costs associated with 
fluid used often constitute between 7% and 20% of total production cost as 
compared to 4% tooling costs (King et al. 2001). Thus in comparison to 
cutting tools cost, the cooling lubricant cost is significantly higher. As a 
result the need to reduce the cutting fluids consumption is strongly felt_ Fluid 
related expenses include the cost of installing a fluid supply system, and 
system for maintenance and discarded fluid (waste) treatment. Fluid related 
costs are large because high production manufacturing plants frequently 
utilize several cutting fluid reservoirs each containing thousand of gallons of 
cutting fluid and often an entire reservoir is flushed to clean the system when 
quality issues arise (Filipuvic et al. 2000). Certainly, reducing the amount of 
fluid can produce significant cost and waste savings. Two relatively recent 
strategies focused on reducing fluid use are minimum quantity lubrication 
(MQL) and dry machining. 
Further an extensive use of cutting fluids in machining operation leads 
to a sizeable waste stream. Responsible handling of used (waste) fluid is 
needed to avoid the contamination of lakes, rivers, and ground water. Such 
handling includes the pre-treatment and treatment of cutting fluid wastes, but 
even the most disciplined manufacturer may still ' have fluid relative 
environmental concerns associated with chip-work piece fluid carry off. It is 
worth noting that the cost of fluid pre-treatment is sometimes higher than the 
purchase price of the fluid itself, and since the treatment is not always totally 
effective, disposal may lead to advertent water contamination. 
In addition to the environmental challenges of managing a used cutting 
fluid waste stream, cutting fluids also introduce several health. (safety) 
concerns as emphasized earlier. The national Institute for occupational safety 
and health (NIOSH) estimates that 1.2 million workers involved in machining, 
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forming and other metal working operations are exposed to metal working 
fluids annually (NIOSH, 1998). Dermal exposure to these fluids represents a 
health concern, as does the inhalation of air born fluid particulates. The 
application of cutting fluid in a machining operation often produces an air 
born mist and medical evidence has linked worker exposure to cutting fluid 
mist with respiratory ailments and several types of cancer. This makes the use 
of cutting fluids a health issue with the potential of both long and short term 
consequences. 
On the other hand, completely dry machining has been a common 
industry practice for machining of steel parts. These parts typically exhibit a 
very high specific cutting energy. Traditional beliefs indicate that completely 
dry machining of steel, as compared to flood coolant cutting, lowers the 
required cutting force and power on the part of the machine tool as a result of 
increased cutting temperature. However, achievable cutting tool life and part 
finish often suffer under completely dry machining (condition). Therefore, the 
permissible feed and depth of cut have to be restricted. Cutting forces and 
temperature were found to be reduced while machining steel with 
tribologically modified carbide inserts (Sreejith et al. 2000). Cryogenic 
machining with Iiquid nitrogen (Dhar et al. 2002) and machining with MQL 
(Dhar et al. 2006) have improved machinability of steel to a certain extent 
under normal cutting conditions. It has also been reported that though 
machining steel with liquid nitrogen improves the machiniability index (Dhar 
et al. 2002); still it is not used in industrial practice due to high cost of liquid 
nitrogen and sharp increment of notch wear under nitrogen rich atmosphere. 
Under these considerations, the concept of minimum quantity lubrication 
presents itself as possible solution for steel turning to achieve slow tool wear 
while maintaining cutting force (power) at reasonable low levels. 
In order to alleviate the economical quality and environmental impacts, 
minimum quantity lubrication machining has addressed as an alternative to 
the traditional flood cooling and dry cutting application. Minimum quantity 
lubrication refers to the use of cutting fluids of only a minute amount (small 
amount of cutting fluid), typically of a flow rate of 50 to 500 ml/hour. It is 
about three to four orders of magnitude lower than the amount commonly 
used in flood cooling condition, where, for example, up to 10 liters of fluid 
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can be disposed per minute. Varodarajan et al, (2002) used 2m1/hr oil in a 
flow of high pressure air at 20Mpa, while hard turning AISI4340 steel. This 
may be called to be near dry turning. Kloke et al. (1997) also referred it as 
near dry lubrication. Maclure et al. (2001) called it micro lubrication. The 
minimization of cutting fluid also leads to economical benefits by a way of 
saving lubricant costs and work piece/tool/machine cleaning cycle time. The 
concept of near dry machining (NDM) is based on the principle of loss of 
lubrication with the dry surface after the machining process. Therefore, near 
dry machining is also recognized as minimum quantity lubrication (MQL) 
machining. 
MQL has been widely studied in many machining processes such as 
drilling milling, tapping, turning & reaming, grinding etc. (Machado et al. 
1997, Rahman et al. 2000), (Davim et al. 2006) and Dhar et al. (2006) etc., 
who employed MQL technique in turning of AISI 1040 steel and the results 
clearly indicated that machining with a mixture of compressed air and soluble 
oil better than the conventional flood coolant system. 
However, MQL (solid +liquid) is still a relatively new research area, 
and only a few researchers have studied machining with solid lubricants 
(Shaji, et al. 2003), (Silva, 2005), (Gopal, 2004). They have properly applied 
solid lubricant i.e. graphite powder and MoS2 powder during milling, grinding 
and metal forming process. They have reported solid lubricant assisted 
machining is a novel concept to control the machining zone temperature 
without polluting the environment. To the best of author's knowledge the 
effect of Solid-Iiquid MQL on machinability in turning process has not yet 
been studied. 
From the above literature review it is readout that development of 
lubricants that are eco-friendly and economical are acquiring importance. In 
this context, using MQL of solid lubricant mixed with base oil SAE-40 has 
proved is a feasible alternative to the conventional cutting fluids. Machining 
solid lubricant mixed with SAE-40 base oil (MQL), is an environmentally 
safe alternative to conventional cooling condition machining. Hence an 
attempt has been made in the present research work to investigate the effect 
of solid lubricants mixed with SAE-40 oil on metal cutting performance while 
turning En-31 steel with tungsten carbide inserts. SAE-40 base oil is chosen 
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as the mixing medium, due to its higher viscosity and hence improved 
lubricating properties of minimum quantity lubricant. These lubricants are 
applied to the cutting zone with a brush that seeps into the chip-tool interface 
and provides lubrication of the interface while turning EN-31 steel. 
So, the objectives of the present work are: 
I. 	To study the effect of Minimum Quantity solid-liquid mixture 
Lubricants on various machinability criteria in turning EN31 steel viz-
a-viz dry and flooded coolant machining 
2. To select an efficient solid-liquid lubricant and to determine its 
composition which yields optimum machinability 
3. To develop statistical models for different machinability parameters 
under different machining conditions. 
4. To determine the best combination of machining parameters that give 
optimum machinability indices. 
5. Application of multi variable technique for optimization of multi-
performance characteristics in turning EN3 1 steel 
6. To study the effect of temperature of MQL on these machinability 
criteria and to attempt multi variable optimization of output responses 
1.2. Methodology 
For this study a tool-work thermocouple has been designed and 
fabricated for measurement of chip-tool interface temperatures, and a new 
technique of calibrating the thermocouple has been successfully used. This 
technique is specially designed, fabricated and calibrated in Mechanical 
Engineering Iab, AMU, Aligarh, India. Detailed procedure is given in chapter 
III. 
In this'study En-3 I steel was turned at different combinations of speed, 
feed, depth of cut and tool nose radius: Turning was performed with tungsten 
carbide tool under 
a) ' Dry conditions 
b) Flooded cooling conditions 
c) Cooling and Iubricating the chip-tool interface with different 
concentration of the following solid lubricants mixed with SAE-40 
base oil by weight. 
i) Graphite, ii) MoS2, iii) Boric acid 
5 
En-31 steel has been chosen for this study because it is widely used in 
automotive industry for the production of axle, roller bearings, ball bearings, 
shear blades, spindle mandrels, forming and molding dies, roller$, blanking 
and forming tools, knurling tools and spline shafts, etc. The turning operation 
is the main process used for making these parts. Tungsten carbide inserts were 
used due to its low cost as a cutting tool material, for optimizing the minimum 
quantity lubrication parameters during machining of En-31 steel. Different 
concentrations of three solid lubricants 1%, 2%, 3%, 4%, 5%, 10%, 12%, 
13%, 15%, 17%, 20%, and 23% were applied in the pilot, runs and the 
percentage of solid lubricant that gave stable lower cutting forces was 10% to 
20% solid lubricant + SAE-40 base oil as optimum. Therefore for further 
studies this concentration was used. 
Experimental conditions were planned according to factorial design (2 
+ 8) for dry and flooded cooling condition and (25+8) for MQL machining. 
Factorial design is a composite design, which was proposed by Box (1980). 
Experimental investigations were conducted and the results of average of 
three replicates were recorded. The data was taken and analyzed graphically 
as well as statistically. 
The following were the machinability performance parameters studies 
1) Chip-tool interface temperature 
2) Cutting forces 
3) Surface roughness 
4) Chip thickness 
5) Total tool wear 
6) Chip micro-hardness 
7) Power consumption during machining 
8) Chip-tool contact length 
9) Chip compression ratio 
10) Maximum machining ratio 
Under the assumption of orthogonal cutting, shear angle and 
coefficient of friction were determined to ascertain if the improvement in 
machinability was due to lubrication effect of the solid-Iiquid 
coolant/lubricant. The assumption is valid because this is used for 
comparative studies only. 
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In machinability studies, statistical design of experiments is used quite 
extensively. Statistical design of experiments refers to the process of planning 
the experiment, so that the appropriate data can be analyzed by statistical 
models, resulting in valid and objective conclusions (Montgomery, 2005). 
The parameters that have significant effect on different machinability 
parameters at 95% confidence level have been determined through analysis of 
variance (ANOVA). Mathematical models are developed for the prediction 
and analysis of the effect of the cutting parameters on responses in turning 
process of En-31 steel using response surface methodology (RSM) combined 
with the factorial design of experiments. A statistical software program, Mini-
tab version -- 15 and Microsoft excel (M.S.OFFICE- 2007) were employed in 
the model training. The cutting speed, feed rate, depth of cut and tool nose 
radius were chosen at three levels each. 
Optimum combination of cutting parameters for surface roughness, tool 
wear rate, cutting temperatures, chip thickness, cutting forces and chip micro-
hardness were determined by response surface methodology (RSM). The 
effect of the lubricant on the chip-tool interface temperature, main cutting 
force, tool wear rate and surface roughness was studied by using combined 
multiple attribute decision-making methods (AHP-TOPSLS). The effect of lubricants 
such as SAE-40 base oil, wet (soluble oil Koolkut-40), dry and different concentration 
of solid-liquid lubricant such as (10 % graphite, 10 % MoS2, 10 % boric acid and 15 
% graphite, 15 % MoS2, and 15 % boric acid powder mixed with SAE-40 base oil 
separately) on chip-tool interface temperature, cutting force, tool wear rate and 
surface roughness were studied. 
Further, the cooling efficiency of MQL lubricants were also determined by 
cooling efficiency equation and it was optimized by ROVOP method. 
A comparative performance analysis of MQL (graphite + SAE-40, 
MoS2+ SAE-40 and boric acid + SAE-40 base oil) assisted machining with 
dry and wet machining was conducted in order to identify the best possible 
solution for machining En-31 steel. 
Optimal machining parameters were also determined by the grey 
relational grade obtained from the grey relational analysis for multi 
performance characteristics (surface roughness, chip-tool interface 
temperature, chip thickness, cutting forces and tool wear rate). Lastly the 
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effect of the temperature of solid-liquid lubricant on machinability of EN-31 
steel was studied. For this study, Taguchi parameteric design and Taguchi 
Utility concept was used for determining the optimum combinations of cutting 
parameters for different machining conditions for optimal multi-performance 







Turning operation is widely used in workshop practice for applications carried 
out in conventional machine tools, as well as in NC and CNC machine tools, 
machining centers and related manufacturing systems. Turning involves the use of a 
lathe and is used primarily to produce conical and cylindrical parts. With common 
attachments, flat faces, curved surfaces, grinding and boring can be done with a lathe. 
Therefore, it is valuable to increase tool life, to improve surface accuracy, to reduce 
main cutting force, feed force and to reduce machining zone temperatures (chip-tool 
interface temperature) in turning operations through an optimization study. Cutting 
fluids are generally used in machining process to reduce friction and wear, thus 
improving the tool life and surface finish. These are also used to reduce the cutting 
forces and energy consumption, to cool/lubricate the machining zone, wash away the 
chips, and to protect the machined surfaces from environmental corrosion. 
Machiniablity is defined as ease of machining of a material, characterized by 
low cutting forces, high material removal rate, good surface finish, accurate and 
consistent work piece geometrical characteristics, low tool wear rate and good curl or 
chip breakdown of chips etc. 
In machinaibility studies investigations, statistical design of experiments is 
used quite extensively. Statistical design of experiment refers to the proper planning 
of the experiment so that a reliable data may be obtained under all possible 
combinations of parameters and can be analyzed using statistical methods, resulting in 
valid and objective conclusions (Montgomery, 2005), With statistical design of 
experiments large data is selected in small number of experimental value. 
In order to establish an adequate functional relationship between the tool life 
and cutting parameters a large number of tests are needed in one-factor-at-a-time-
approach. So, the experimentation cost also increases (Chaudhury, 1998). Most 
researchers have investigated the effects of various cutting parameters on responses 
(output) by the one variable at a time approach. The present study takes into account 
the simultaneous variation of cutting speed, feed, depth of cut, tool nose radius and 
percentage concentration of solid-liquid lubricants according to factorial design of 
experiment, and predicts, the responses. This approach is known as response surface 
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methodology (RSM). Response surface methodology (RSM) is a statistical method 
for heuristic optimization, which is basically a combination of design of experiments, 
regression analysis and statistical inferences. It is very useful technique for modeling 
and analysis of problem in which a response of interest is influenced by several 
variables and the objective of this approach is to optimize the response (Montgomery, 
2005). By using this approach mathematical models have been developed based on 
experimental results. The purpose of developing mathematical models relating to the 
machining response and their factor is to facilitate the optimization of the machining 
process. Modeling and optimization are necessary for the control of the steel turning 
process to achieve improved product equality, high productivity and low cost. 
In this work experimental investigations have been conducted to study the 
machinability of En31 steel while turning with tungsten carbide tools. En-31 is 
selected for machinability studies, because it is widely used in automotive industry for 
the production of axle, roller bearings, ball bearings, shear blades, spindle mandrels, 
forming and molding dies, rollers, blanking and forming tools, knurling tools and 
spline shafts, etc (Kalapakjian, 1997)). Turning is the main machining process for the 
production of these parts ( MT, 1996). 
Main interest of present research is to a solid-liquid lubricant for chip-tool 
interface while turning, so that the machinability of En-31 steel is improved and an 
attempt a new technique of applying the lubricant so that real minimum quantity 
lubricant can be achieved. 
2.2 Machinability criteria and minimum quantity lubrication 
Suresh et al. (2002) developed a surface roughness prediction model for 
turning mild steel using a response surface methodology. Surface roughness 
prediction model has also been optimized by using genetic algorithms. 
Chen (2000) found out that while finish cutting of hardened steel, the radial 
force became the largest among three cutting force components and was the most 
sensitive to the changes of cutting edge chamfer, tool nose radius and flank wear. He 
reported that although an tin chamfered tool with a small nose radius generated low 
radial force and hence reduce the tendency to chatter, such geometry decrease the tool 
life. By applying high-pressure coolant during machining the tool life and surface 
finish are found to improve significantly decreasing the heat and cutting forces 
generated. 
10 
Senthil et al. (2002) performed experimental investigation on ASSAB-718 
steel material during end milling operation using single uncoated A 30N tungsten 
carbide insert and a Tin-Al-CN coated insert at a speed of 150 m/min with feed rate of 
0.05mm/tooth and depth of cut 0.35mm, they showed the effectiveness of high 
pressure coolant in terms of improved surface finish, reduced tool wear and cutting 
forces, and control of chip shape. The tool wear with high pressure coolant is 
significantly better than that dry cut and conventional coolant. Hence this reduces the 
friction at the tool workpiec interface and increases the surface finish. 
. Zafer (2004) found that when turning AIS1304 stainless steel with WC ISO 
p10 cemented carbide cutting tool, average chip thickness decreases as the cutting 
speed increases regardless of the feed. At the same time, power consumption 
decreases owing to low chip thickness during chip removal. Less vibration was 
observed and surface roughness got better due to the decrease of power consumption. 
George (2002) reported that the chip thickness reduces as the cutting speed 
increases. Less energy was used as the cutting speed increases as the material softened 
by high temperature. This will result the lower compressive deformation caused by 
the tool face against the chip. This will result in the thinner chips due to lower 
compressive deformation as the chip is less deformed, also noted that higher force 
required to produce thicker chips. The force decreases with cutting speed and this 
would automatically produce thinner chips. 
Sreejith et aI. (2000) reported that dry machining is the machining of future. 
They concluded that the dry machining can eliminate cutting fluids and this is 
possible due to the advancement of the cutting tool materials. 
Completely dry cutting has been a common industry practice for the 
machining of hardened steel parts. These parts typically exhibit a very high specific 
cutting energy. Traditional beliefs indicate that completely dry cutting of them as 
compared to flood machining lowers the required cutting force and power on the part 
of the machine tool as a result of increased cutting temperature. However achievable 
tool Iife and part finish often, suffer under completely dry condition. Therefore, the 
permissible feed and depth of cut have to be restricted. Under these considerations, 
the concept of minimum quantity lubrication presents itself as a possible solution for 
steel turning in achieving slow tool wear while maintaining cutting force/power at 
reasonable levels. 
In all machining processes, tool wear is a natural phenomenon and it leads to 
tool failure. The growing demands for high productivity of machining need use of 
high cutting velocity and feed rate. Such machining inherently produces high cutting 
temperature, which not only reduces tool life but also impairs the product quality. 
Metal cutting fluid changes the performance of machining operations because of their 
lubrication, cooling and chip flushing functions, but the use of cutting fluid has 
become more problematic in terms of both employee health and environmental 
pollution. The minimization of cutting fluid also leads to economical benefits by way 
of saving lubricant costs and workpiece/tool/machine cleaning cycle time. The 
concept of minimum quantity lubrication (MQL) has been suggested since a decade 
ago as a means of addressing the issues of environmental intrusiveness and 
occupational hazards associated with the airborne cutting fluid particles on factory 
shop floors. 
Khan et al. (2006) reported that the cutting performance of MQL machining is 
better than that of dry machining because MQL provides the benefits mainly by 
reducing the cutting temperature, which improves the chip-tool interaction and 
maintains sharpness of the cutting edges. Water + vegetable oil provided as coolant at 
the cutting zone through ajet. MQL jet provides reduced tool 'wear, improves tool life 
and better surface finish as compared to dry machining of steel. Surface finish and 
dimensional accuracy improved mainly due to reduction of wear and damage at the 
tool tip by the application of MQL. Such reduction in tool wear would either enhance 
tool life or productivity, allowing higher cutting velocity and feed. MQL by vegetable 
oil reduced the cutting forces by about 5% to 15%. 
In turning change over to the new concept of minimum quantity of cutting 
fluid application is possible without loss in productivity or quality. A small amount of 
highly efficient lubricant is fed to the cutting zone, which is completely used and 
gives dry cutting. The above mentioned studies indicate that the machining response 
can be improved by reducing the tool wear. Dry machining and machining with the 
flooded cutting fluids have not responded to improved tool life and surface finish. The 
use of minimum quantity of lubrication method in metal cutting may be a viable 
alternative to cutting fluids (flooded condition) as has been reported in some of the 
above mentioned studies. 
Machado et al. (1997) applied 200-300 ml/hr of soluble oil when turning steel 
bars. The coolant was delivered in a flowing air stream at a pressure of 29-34 psi. The 
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experimental results showed that surface roughness, chip thickness and cutting forces 
variations were improved compared to the conventional flood cooling situation. The 
authors found the following phenomena. Cutting and feed forces were reduced with 
the use of cutting fluids when turning medium carbon steel bars under low cutting 
speeds and high feed rates. In some cases, cutting with near dry cooling had better 
results than conventional flood cooling, reduced variation in cutting forces and 
extended the tool life, the effect of near dry cooling on surface finish and chip 
thickness was only noticeable at low cutting speeds and high feed rates and 
application of near dry cooling reduced the cost of cutting fluids and related 
equipments. However, the aerosol concentration increased compared with traditional 
flood cooling case. 
Varodarajan et al. (2002) claimed to have used 2mIJhr oil in a flow high 
pressure air at 20 Mpa, while hard turning AISI4340 steel. This may call to be near 
dry turning. It was found that cutting under near dry had better performance than that 
in dry and wet cutting in terms of cutting forces, cutting temperatures, surface 
roughness, tool life, cutting ratio and chip-tool contact length. Lower cutting force, 
lower cutting temperatures, better surface finish, shorter chip-tool contact length, 
larger cutting ratio and longer tool life were observed in near dry cutting compared 
with those in dry or wet cutting. They have used tool-work thermocouple technique 
for the measurement of temperatures during hard turning AIS14340 steel, but there 
was not any comparison between predicted cutting temperatures and measured values. 
Maclure et al. (2001) called it "micro lubrication." The minimization of cutting fluid 
also leads to economical benefits by way of saving Iubricant costs and work 
piece/tool/machine cleaning cycle time. 
Dhar et al. (2006) investigated performance of minimum quantity lubrication 
technique with a spray of air and vegetable oil during turning medium carbon steel 
(AISI 43400) with uncoated carbide cutting tool. During turning of medium carbon 
steel with minimum quantity lubrication, cutting temperature, chip reduction 
coefficient, cutting forces and surface roughness have been measured and compared 
with dry turning. It was found that cutting temperature; chip reduction coefficient, 
cutting forces and surface roughness are minimum in MQL machining as compared to 
dry machining. 
Dhar et al. (2006) investigated the influence of near dry lubrication on cutting 
temperature, chip formation and dimensional accuracy when turning AISI 1040 steel. 
13 
The lubricant was supplied at 60 ml1hr through an external nozzle in a flow of 
compressed air (7bar). Based on the experimental results the authors concluded that 
near dry lubrication resulted in lower cutting temperatures compared with dry and 
flood cooling. The dimensional accuracy under near dry lubrication presented a 
notable benefit of controlling the increase of the work piece diameter when the 
machining time elapsed where was observed and dimensional accuracy was improved 
with the use of near dry lubrication due to the diminution of tool wear and damage. 
Dhar et al. (2001) discussed the role of cryogenic cooling on tool wear and 
surface finish in plain turning of AIS11060 steel at different speed-feed combinations 
for two different inserts. They evaluated the effectiveness of cryogenic cooling, 
compared with the dry and conventional cooling counter parts. The LN2 jets were 
impinged using specially designed nozzles along the main cutting and auxiliary 
cutting edges. The observations showed that dry machining steel cause maximum tool 
wear and surface roughness while wet machining did not show any appreciable 
improvement. But cryogenic machining using LN2 provided reduced tool wear, 
improved tool life and surface finish. The beneficial effects of cooling may also 
contribute to effective lubrication, retention of tool hardness and favorable chip tool 
and work tool interaction. 
Dhar et at (2002) performed a study on cryogenic machining of plain carbon 
steels C-40 under varying cutting velocities and feed rate and concluded that 
cryogenic cooling if properly employed not only provides the environment safety but 
also improves mach inability characteristics. 
Nanda et al. (2002) studied cryogenic machining of two types of steels 
AISI1040 and AISI4320 using carbide inserts and concluded that the cooling by LN2 
jets can substantially reduces the cutting forces during machining without affecting 
the working environment. It provides benefits mainly by reducing the cutting 
temperatures, which helps in improving the chip-tool interaction and maintains 
sharpness of the cutting edges. 
Chen et al. (2001) studied the effects of oil-water combined mist on turning 
stainless steel with the use of 17 ml/hr oil and 150 milhr water mixture. The use of 
oil-water combined mist could prevent the production of built-up-edge (BUE) while 
BUE was observed when cutting dry or with mist. BI E is an important factor of 
work-piece surface roughness. Therefore the work-piece surface finish under oil-
water combined mist was better than that under dry, oil mist or wear soluble oil 
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applications. Lower cutting temperatures were also observed with the use of oil-water 
combined mist compared to cutting dry or with oil mist. 
'lock et al. (1997) dealt with drilling tests using minimum cooling lubrication 
systems, which are based on atomizing the lubricant directly to the cutting zone. 
Small quantities of lubricant, in order of 10-50 ml/h, were mixed with compressed air 
for external feeding via a nozzle or for internal feeding via spindle and tool. Internal 
feed systems with their ability to deliver the mixture very close to the drill work-piece 
contact point may achieve very good results in terms of surface finish and tool life. 
Rahman et al. (2002) performed experiments in end milling with the use of 
lubricant at 8.5 ml/hr oil flow rate. The oil was supplied by the compressed air at 
0.52MPa. The work piece material was ASSAB 7181111 steel. The experimental 
results showed that tool wear under dry lubrication was comparable to that under 
flood cooling when cutting at low feed rates, low speeds and low depth of cuts. The 
surface finish generated by near dry machining is significantly higher than flood 
cooling. Cutting forces were close in both near dry machining and flood cooling. 
Fewer burrs formed during near dry machining compared to dry cutting and flood 
cooling application. The tool-chip interface temperature under dry lubrication was 
lower than in dry cutting but higher than in flood cooling machining. 
Lopez et al. (2006) studied the effects of cutting fluid on tool wear in high 
speed milling. Both near dry lubrication and flood cooling were applied when cutting 
aluminum alloys. In addition to experiments, they also performed computational fluid 
dynamics (CFD) simulations for estimating the penetration of the cutting fluid to the 
cutting zone. The oil flow rates of 0.04 and 0.06 ml/min were studied. The pressurized 
air was applied at lobar. They reported that with the help of compressed air, the oil 
mist could penetrated the cutting zone and provide cooling and lubricating while the 
CFD simulation showed that the flood coolant was not able to reach the tool teeth, the 
nozzle position relative to feed direction was very important for oil flow penetration 
optimization. 
Braga et al. (2002) studied the cutting forces, tool wear and quality of hole 
when drilling aluminum-silicon alloys with minimum quantity lubricant and diamond 
coated tool. The minimum quantity lubrication was 10 mI/hr soluble oil in a flow of 
4.5 bar compressed air. The experimental results revealed that the power consumed 
under minimum quantity lubrication was lower than the power required in flood 
cooling, regardless of the tool material. It was inferred that with flood cooling, the 
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work-piece did not heat as much and it required more power to cut the aluminum-
silicon alloys. The tool wear behavior and hole quality was similar for both MQL and 
flood machining conditions. The hole roundness improvement was significant by 
introducing the MQL lubrication for the diamond coated drill and negligible for the 
uncoated drill. 
Kelly et al. (2002) applied near dry lubrication to optimum drilling cast 
aluminum alloys. A flow of 20 mllhr oil was delivered with the compressed air at the 
gauge pressure of 6 bars. The authors reported that the feed force, drill torque and 
surface roughness under near dry lubrication were the lowest compared with those in 
flood cooling, compressed air or dry cutting. However, the experimental results also 
showed that the accuracy of hole for near dry drilling was worse than that for flood 
cooling situation. 
Hafenbraedl et al. (2000) evaluated the near dry lubrication with ester oil 
based on internal cylindrical grinding tests. These tests were performed when cutting 
AISI 52100 hardened steel with oil flow rate of 12 ml/hr mixing with 69 kPa 
compressed air. The experimental results showed that with the application of near dry 
lubrication, lower specific cutting energy, better surface finish and higher G-ratio 
were observed when comparing with cutting completely dry or under flood cooling. 
However, the elevated bulk temperature was observed as well as thermal distortion of 
the work-piece for near dry grinding. This indicated that the cooling from the mixture 
of ester oil and cold air was not sufficient. The size accuracy would be a problem due 
to the thermal distortion. 
Brinksmeier et al. (1999) applied minimum quantity lubrication in grinding. 
Two different work materials were used: hardened steel (16MnCr5) and tempered 
steel (42CrMo4V). The minimum quantity lubrication - was implemented under 0.5 
mUmin oil flow rate and 6 bar pressurized air. With reference to the grinding tests, 
they have concluded that both dry and near dry grinding would cause thermal damage 
on the hardened material with the creep feed grinding operation. Minimum surface 
roughness values were obtained under minimum quantity lubrication technique when 
material removal rate was low. The analysis of the cooling effect of cutting fluid for 
both minimum quantity lubrication and flood cooling was also presented. However, 
there was not a comparison between predicated and measured cutting temperatures. 
Dhar et al. (2007) employed minimum quantity lubricant technique turning of 
AISI 1040 steel and the results clearly indicated that a mixture of air and soluble oil 
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machining is better than conventional flood coolant system. That appeared- to be 
ineffective for applications involving high temperature. Similarly liquid lubricants 
(flooded conditions) appear to be ineffective for applications of involving high 
temperatures (Edemir, 1994). 
- Solid lubricants are the only option available for controlling wear and friction 
between tool and work piece in all types of tribo systems involving severe tribological 
condition and any environment (high temperature, corrosive media vacuum 
environment high load, and speed and dry condition). Strong adhesion is essential for 
long service of solid lubricant films. Ion — beam processes are capable of imparting 
strong adhesion between solid lubricant films and ceramic substrates. Ion-beam 
mixing of ceramics with conventional solid lubricants, such as MoS2, is feasible and 
appears promising for demanding aerospace applications. A unique solid lubricant, 
boric acid, has been recently been discovered. It has been established that this 
lubricant can impart remarkably low friction coefficients to sliding ceramics 
interfaces in humid environments, where Molybdenum disulphide is known to be 
ineffective (Edemir, 1994). 
Application of solid-liquid lubrication in cutting has proved to be feasible 
alternative to cutting fluids, if it can be applied properly. If the friction at the 
machining zone can be minimized by providing effective lubrication, the heat 
generated can be reduced to some extent. If a suitable lubricant can be successfully 
applied in the machining zone, it leads to process improvement. Some researchers 
have reported the use of solid lubricants in the machining process. 
Sen et al. (1994) used large amount of solid lubricant in metal forming 
processes. Particularly, in extrusion processes, solid lubricant such as MOS2 powder, 
graphite based grease; lithium grease, graphite grease etc. They have been used to 
reduce the extrusion force and improve the surface quality. 
Popke et al. (1999) reported longer tool life with a with a minimum quantity of 
cutting fluid application as compared with dry and flood type applications while 
drilling, counter boring and reaming steel material C45 and is clear that minimum 
quantity cutting fluid application is more appropriate with high speed steel tools for 
clean manufacturing. 
Bennett (1983) studied the overall effect of cutting fluids on the worker safety 
and on the environment through bacterial cultures. In some applications the 
consumption of cutting fluids has been reduced drastically by using mist lubrication. 
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However mist in the industrial environment can have a serious respiratory effect on 
the operator. 
Shaji et al. (2002) reported the use of solid lubricants in grinding as an 
alternative for the conventional coolants. They have investigated the effect of solid 
lubricant like graphite on the surface grinding process. Results showed an 
improvement on surface finish in case of hardest material with the application of solid 
lubricant. The solid lubricant applied in this investigation was graphite, calcium 
fluoride, barium fluoride, and molybdenum trioxide. Improved process results related 
to friction have been reported in this study. 
Boric acid (H3B03) is one of the most popular solid lubricant and has 
excellent lubrication properties without calling for expensive disposal techniques. The 
most important characteristics of boric acid for use as a lubricant are that it is readily 
available and cheap and environmentally safe. There is no side effect of boric acid on 
health of the operators, non-toxic and water-soluble (Erdemir, 2008). Several studied 
friction and wear between tool and sliding steel surface were related to the lubrication 
properties of boric acid (Erdemir, 1994, 2008). These works have primarily focused 
on the performance of boric acid in high temperature applications. The studies 
indicated that boric acid is unique layered inter-crystalline structure; it makes a very 
promising solid lubricant material because of its relatively high load carrying capacity 
and low steady state friction coefficient (0.02). 
Another study focused on the use of solid lubricant (boric acid and MoS2) in 
forming and drilling (Liang et al_ 1995). In metal forming applications it is shown that 
the boric acid provided very low friction between an aluminum work piece and steel 
forming tool. 
Shaji Radhakrishnan (2003) investigated the possibility of using graphite as a 
lubricating medium to reduce the heat generated in the grinding zone in surface 
grinding. Different process parameters like cutting forces, temperature, specific 
energy and surface roughness were observed and reported to be reduced when 
compared to those in grinding with conventional coolant. 
The author investigated the possibility of using different solid lubricants as 
graphite, MoS2 and boric by weight mixed with base oil SAE-40 as a minimum 
quantity lubricant, to reduce the heat generated in the machining zone (chip-tool 
interface) in turning process. Different process parameters like cutting forces, cutting 
temperatures, chip thickness, and surface roughness were observed and reported to be 
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reduced as compared to dry machining. For the similar machining conditions higher 
-reduction in the cutting forces, cutting temperatures, chip thickness and surface 
roughness in the presence of solid-liquid lubricant is possible, because the lubricant in 
the metal cutting process will provide the lubricating and cooling effects. They 
introduced a new concept of applying the solid-liquid lubricant with a brush to the 
work-piece surface that seeped with the cutting zone. It may be considered as real 
near dry machining condition. 
Suresh et al. (2006) investigated the role of solid lubricant assisted end milling 
machining with graphite and molybdenum disulphide lubricants on surface quality, 
cutting forces and specific energy while machining AISI 1045 steel using cutting tools 
of different tool geometry (radial rake angle and nose radius). The performance of 
solid lubricant assisted machining has been studied in comparison with that of wet 
machining. The results reported that there is considerable improvement in the 
processes performance as compared to that of machining with cutting fluid in terms of 
cutting forces, surface quality and specific energy. 
Deshmukh et al. (2006) studied the performance of different solid lubricants 
like MoS2, MoS2 based grease graphite based grease and silicon compound mixed 
with SAE-20 base oil at different proportions while machining aluminum and brass 
with carbide cutting tool. The results showed that improved surface quality as 
compared to wet machining of aluminum and brass. 
Latkar et al. (2001) assessed the effect of machining on tool wear and surface 
roughness with graphite based grease mixed with base oil SAE-20 in varying 
proportions applied in MQL and compared the results with dry machining while 
medium alloy steel was machined with tungsten carbide tool. The results reported that 
tool wear and surface roughness were observed minimum under mixed lubricant. as 
compared to dry machining. 
Ingole et al. (2002) studied the effect of lubricants on the surface finish in 
burnishing of En8 specimens. Using 23 factorial design surface roughness model 
equations were developed. The burnishing parameters considered were speed, feed 
and force. Other parameters were kept constant. The lubricants studied were SAE-40, 
grease and mixture of the two. Out of these SAE-40 was found to be better. 
Venugopal et al. (2004) investigated the use of graphite as a lubricating 
medium in grinding process to reduce the heat generated at the grinding zone. The 
effective role of graphite as lubricant is evident from the overall improvement in the 
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grinding process. Different process performance parameters like cutting forces, 
cutting zone temperatures specific energy and surface roughness were observed and 
reported to be reduced when compared to those with grinding with conventional 
coolant. 
Vamsi et al. (2008), studied the performance of solid lubricants like graphite 
and boric acid with SAE-40 oil while machining EN8 steel with cemented carbide 
tool. After conducting one-factor-at a time experiment the results showed that 
minimum tool wear, surface roughness and cutting forces were observed as compared 
to wet and dry machining. Among the lubricants 20% boric acid in SAE-40 oil 
provided better performance for the selected work-tool material combination and 
cutting conditions. However, there was not any comparison between predicted chip-
tool interface temperatures and measured chip-tool interface temperatures. 
Shirsat et al. (2004) studied the influence of burnishing parameters on surface 
finish in burnishing of aluminum specimens. The finishing parameters considered 
were speed, feed rate, burnishing force. It was found that the surface roughness 
improves initially with an increase in these parameters. After a certain stage, the 
surface finish deteriorates and fatigue life decreases. The lubricant studied were 
Kerosene, SAE-30 oil;- 5% graphite by weight in SAE-30 oil and 10% graphite by 
weight in SAE-30 oil. Out of this Kerosene was found to be better. 
2.3. Cutting Tool Temperature and Tool wear 
In metal cutting, the heat generated on the cutting tool is important for the 
performance of the tool and quality of the workpiece. Maximum heat is generated on 
the tool-chip interface during machining. The machining can be improved by the 
knowledge of cutting temperature on the tool. The cutting temperature is a key factor 
which directly affects tool wear, work piece surface integrity and machining precision 
according to the relative motion between the tool and workpiece. The amount of heat 
generated varies the type of material being machined. The cutting parameters 
especially cutting speed, feed rate and depth of cut influence on the chip-tool interface 
temperature, Temperature in the cutting zone depends on contact length between tool 
and chip, cutting forces and friction between tool and work piece material. A 
considerable amount of heat generated during machining is transferred into the cutting 
tool and work piece. The remaining heat is removed with the chips. The highest 
temperature is generated in the flow zone. Therefore, contact length between the tool 
and the chip affects cutting conditions and performance of the tool and tool life 
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(Shaw, 1989). In a single point cutting, heat is generated at three different zones 
during metal cutting as shown in Figure 2.1 (Trent et al, 1989). 
t'c►ty7clalotc drops aiung the 
1eug1L of the chip 
'FOOL 
'ie npdaturc Van 
aCmS.% the Chip 
Friction tin TekiI Face 
Seeotidary 5hcar Lone 
I'nrnarr Shear Lone 
Fnetiun on RArk pie c E 
1YORKl'!jjC'J 
Figure 2.1 Heat generated by chip formation (Trent et al,1989) 
Figure 2.2 Apportionment of heat amongst chip, tool and work piece 
(Rao, 2002) 
(Temperatures developed in turning AISI 52100steel, tool material K3H 
carbide) 
1) 	Heat is produced in the primary shear zone as the workpiece is subjected to 
large irreversible plastic deformation. 
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2) Heat produced by friction and shear on the tool rake face, or secondary shear 
zone. 
3) Heat produced at the tool-work interface, where the tool flank runs along the 
workpiece surface and generates heat through friction. 
The heat generated is shared by the chip, cutting tool and the work-piece. 
Figure 2.2 shows the maximum amount of heat is carried away by the flowing chip. 
From 10% to 20% of the total heat goes into to the tool and some heat is absorbed in 
the work-piece. With the increase in cutting speed, the chip shares heat increasingly 
(Rao, 2002). The effect of cutting temperature, particularly when it is high, is mostly 
detrimental to both the tool and the job. Due to the high shear and friction energies 
dissipated during a machining operation the temperature in the primary and secondary 
shear zones are usually very high, hence affect the shear deformation and tool wear. 
Total tool wear rate and crater wear on the rake face are strongly influenced by the 
temperature at chip-tool. interface_ Therefore, it is desirable to determine the 
temperatures of the tool and chip interface to analyze or control the process. Several 
experimental and analytical techniques have been developed for the measurement of 
temperatures generated in cutting processes. Due to the nature of metal cutting, it is 
not possible to measure temperature precisely in the cutting zone and thus it difficult 
to verify the theoretical results in a precise manner. Because of nature of the metal 
cutting (elasto-plastic nature of the chip tool contact), tool geometry and variation of 
thermal properties of tool-work combination with temperature, determinations of 
internal temperatures on the cutting tool are very difficult. Actual measurements give 
a true picture of cutting temperatures. For measuring of this temperatures generated in 
the cutting zone, several methods have been developed. Since at the interface there is 
a moving contact between the tool and chip, experimental techniques such as standard 
pre calibrated thermocouples cannot be used to measure the interface temperature. 
The main techniques used to evaluate the cutting temperature during machining are 
embedded thermocouple, tool-work thermocouple, calorific method, single wire 
thermocouple, PVD film method, Infrared thermometers, Infrared cameras etc (Silva 
et al. 1999, Davis et al. 2010). Out of these methods the tool-work thermocouple is 
easy and simple technique for measuring chip-tool interface temperature (average 
temperature) during metal cutting. 
The thermocouple methods are based on the thermocouple principle that states 
that two contacting materials produce an electromotive force (e.m.f.) due to difference 
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in temperatures of cold and hot junctions (Barrow, 1973). Tool-work thermocouple 
has always become a popular tool to be used in temperature measurements during 
metal cutting. This method is very useful to indicate the effects of the cutting speed, 
feed rate, and cutting parameters on the temperature. Thermocouples are conductive, 
rugged and inexpensive and can operate over a wide temperature range. In machining 
applications, a thermoelectric emf is generated between the tool and the work piece. 
With this method, the entire tool-work is used as a part of the thermocouple. In this 
method, the thermo-electric emf generated between the tool and the work-piece 
during cutting is measured. The cutting zone forms the hot junction, while the work-
piec forms the cold junction. The tool and work-piece need be electrically insulated 
from the machine tool. This cutting temperature measurement technique is easy to 
apply for the measurement of chip-tool interface temperature during metal cutting 
over the entire contact area as reported by Shaw (1989). Based on this measurement 
using the thermocouple method Stephenson (1993) stated that the average emf is 
generated in tool- work piece interface. The difficulty of this method is concerned 
with the necessity for an accurate calibration of the tool and work-piece materials as a 
thermocouple pair. 
Shaw (1989) used a lead bath for the heated junction medium in the 
calibration of the tool-work thermocouple. After a lead bath is insulated and 
uniformly heated, both the tool and work piece chip are inserted into the bath with a 
thermocouple for calibration. 
In the present work, the calibration of the tool-work thermocouple was carried 
out by external flame heating (as shown in Fig. 3.6 in chapter3). This set up is similar 
to the one used by Stephenson (1992), in which the tool was calibrated directly with 
the work piece. 
In order to measure the cutting edge temperature using a thermocouple two 
different methods can be used to fix the hot junction close to the cutting edge. In the 
first method, the thermocouple is clamped in a recess, which is ground off the rake 
face of the tool to locate the hot junction as close as possible to the cutting edge. In 
the second method, the thermocouple is inserted in a precisely grooved carbide chip 
breaker, which is clamped mechanically on the tool such that the hot junction is at the 
same distance as in the first method. Comparing results obtained by the two methods 
showed that both methods gave the same results (Wardany et al. 1996). Therefore it 
was suggested that the second method is better since the recess in the cutting tool 
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would change the temperature distribution along the rake face. In addition the second 
method is considered easier to implement. In this work the tool-work thereto couple 
technique was used to measure the chip-tool interface temperature (average cutting 
temperature) during machining of EN-31 steel alloy. 
Shaw (1989) developed analytical prediction model for the measurement of 
cutting temperature during machining. They concluded that the cutting temperature is 
the function of cutting speed and feed rate. 
O=V °-sao., 	 (2.1) 
Where, Ot = Average cutting temperature in degree centigrade, v = cutting 
speed m/min, t = undeformed chip- thickness or feed rate mm/rev, Shaw did not 
include depth of cut in his model even though its effect may be significant. 
The Shaw's method was found to be the best predictor according to 
Stephenson (1992). Wardeny et al (1996) suggested that the temperature distribution 
in the tool may be obtained by using information about the changes in the hardness 
and microstructure of the steel tool. It is necessary to calibrate the hardness of the tool 
against the temperature and time of heating and samples of structural changes at 
corresponding temperatures. These methods permit measurement of temperatures to 
an accuracy oft 25°c within the heat affected region. Grzesik (1999) investigated the 
influence of tool-work interface temperature when machining an AISI1045 and an 
AISI 304 - with coated tools. A standard K-type of thermocouple inserted in the work 
piece was used to measure the interface temperature. The friction on the flank face 
had a big influence on the heat generated at about 200 m/min cutting speed. 
During metal cutting, the heat generated is significant enough to cause local 
ductility of the work piece material as well as of the cutting edge. Although softening 
and local ductility are required for machining hard materials, the heat generated has a 
negative influence on the tool life and performance. Therefore, the control of cutting 
temperature is required to achieve the desired tool performance. 
Although EN-31 steel alloy is widely used in the automotive metal cutting 
industry, no attempts have been made to investigate the effect of different process 
parameters and tool geometry (effective tool nose radius) on the cutting temperature 
during metal cutting of EN-31 steel. 
This study presents the results of the tool-chip interface temperature (cutting 
temperature) measurements by the tool-work thermocouple technique. Tool-chip 
interface temperature is analyzed under a wide range of cutting conditions during dry, 
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flooded, and (solid-liquid) minimum quantity lubrication turning of EN-31 steel 
alloys with tungsten carbide inserts. This work provides a better understanding of the 
effect of machining parameters on chip-tool interface temperatures during machining 
of EN-3 1 steel materials. Then Effect of chip-tool interface temperature on total tool 
wear rate, effect of tool wear rate on three components of cutting forces, metal cutting 
power, surface roughness of machined workpiece, chip thickness, forms of chips, chip 
micro-hardness has also been reported. 
Tool-work thermocouple has always become a popular tool to be used in chip-
tool interface temperature measurements during metal cutting as compared to other. 
The benefits of using the tool-work thermocouple are the ease of implementation and 
its low cost as compared to other type of temperature measurement technique. This 
method is very useful to indicate the effects of the cutting speed, feed rate and cutting 
parameters on the temperature. 
Sullivan et al. (2001) measured the machined surface temperatures with two 
thermocouples inserted into the work piece when machining aluminum 6082-T6. The 
results indicated that an increase in cutting speed resulted in a decrease in cutting 
forces and machined surface temperatures. This reduction in temperature was 
attributed to the higher metal removal rate that resulted in more heat being carried 
away by the chip. 
According to Trent et al. (1989) during the machining process, a considerable 
amount of the machine energy is transferred into heat through plastic deformation of 
the work-piece surface, the friction of the chip on the tool face and the friction 
between tool and the work-piece. Trent and Wright suggested that 99% of the work 
done is converted into heat. This results in an increase in the tool and work 
temperatures. 
According to Muller-Hummed et al. (1996) the temperature distribution 
depends on the heat conductivity and specific heat capacity of the tool and the work 
piece and finally the amount of heat loss based on radiation and convection. The 
maximum temperature occurs in the contact zone between the chip and the tool. The 
heat generated in those zones is distributed among the tool, the work piece, the chip 
and after that to the environment. Heat generated at the shearing plane can make the 
cutting action easy, but it can flow into the cutting edge and that will negatively affect 
the tool life by shortening it. Therefore it is necessary to control the chip-tool 
interface temperature during metal cutting. 
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Chaudhary et al. (2003) predicted cutting zone temperatures by natural tool 
work thermocouple technique, when machining EN-24 steel work piece and HSS with 
10% cobalt as the cutting tool. The results indicated that an increase in cutting speed 
and feed rate resulted in an increase in tool wear. The cutting zone temperature 
increases with the increase in the cutting speed. In the whole range of feed the 
temperature increases with increase in feed rate. 
Ay et al. (1998) used a technique with K thermocouple to analyze temperature 
variations in carbide inserts in cutting various materials such as copper, cast iron 
aluminum 6061 and AISI1045 steel. They observed oscillations in temperature near 
the cutting edge, which were more marked for ductile materials and less in the hard — 
machining materials. These observations were attributed to the chip formation, which 
raises the local temperature upon its contact with the work material. 
Kashiway et al. (1998) investigated the effect of cutting temperature on the 
integrity on machined surface. It has been shown that cutting temperature has a major 
effect on the integrity on the machined surface. The undesirable surface tensile 
residual stresses were attributed to the temperature generated during machining. 
Therefore, controlling the generated tensile residual stresses relies on the 
understanding of the effect of different process parameters on the cutting temperature. 
Fnides et al. (2008) studied the influence of cutting speed, feed rate and depth 
of cut on cutting pressures, cutting force and on cutting temperature, when machining 
AISI H11 steel treated to 50 HRC work piece material with mixed ceramic tool. The 
results show that depth of cut has great influence on the radial cutting pressure and on 
cutting force. The cutting pressure and cutting force increase with an increase in depth 
of cut and feed rate. It is found that increase in cutting speed increases cutting zone 
temperature rapidly. It is also noted that cutting speed seems to influence temperature 
in cutting zone more significantly than the depth of cut and feed rate. 
Trent (1989) used a technique with tool-work thermocouple to analyze chip-
tool interface temperature variation under different cutting conditions, such as the 
cutting speed and depth of cut, as well as with different cutting fluids. His results 
showed that temperatures increased with increase in speed from 0.1 m/s to I m/s. 
Similarly, temperatures were high when cutting dry, followed by cutting with an oil 
lubricant, and finally with water as the cutting fluid. Since water is the best conductor 
of heat among the three choices, it gave the lowest temperature, reinforcing water's 
ability as a good coolant. He achieved up to 30 to 40 % increase in cutting speed 
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when machining steel with high speed steel tools using water as coolant. Despite its 
excellent cooling ability water lacks lubricating properties and causes serious 
corrosion problems on the machine tool components as well as on the machined 
work-piece. 
Vieira et al. (2001) studied the cooling ability of the cutting fluids. The cutting 
fluids used were emulsion of mineral oil, semi-synthetic and synthetic cutting fluids, 
cutting temperatures was measured by tool work thermocouple technique during 
turning of AISI 1020 steels. The results showed that the chip-tool interface 
temperature increased with increasing cutting speed during machining. Cutting fluids 
reduced the mean chip-tool interface temperatures in relation to dry cutting. Out of 
these cutting fluids the semi-synthetic cutting fluids exhibited the best cooling ability 
during machining, followed by the emulsion -based mineral oil, and the 5% 
concentration and 10% concentration of synthetic fluids. 
Abou-El-Hossein, (2008) studied the, efficiency of cutting fluids when end 
milling of AISI 304 stainless steel. Tool life and tool wear mechanisms with wet 
machining were compared to dry cutting. Results showed that cutting fluid application 
was efficient at low cutting speeds. Dominant wear mechanisms in dry machining 
were built-up edge and nose wear, while in wet machining dominant wear 
mechanisms were notch wear and cutting edge grooving. 
Khan (2009) reported the effects of MQL by vegetable oil based cutting fluid 
on the turning performance of low alloy steel AISI 9310 as compared to completely 
dry and wet machining in terms chip-tool interface temperature, chip formation, tool 
wear and surface roughness, chip-tool interface temperature were measured by tool-
work thermocouple technique during turning of AISI 9310 steels. The results showed 
that chip- tool interface temperature were reduced by MQL and wet machining as 
compared to dry machining under different cutting condition with uncoated carbide 
inserts. During metal cutting, the heat generated is significant enough to cause local 
ductility of the work piece material as well as of the cutting edge. Although softening 
and local ductility are required for machining hard materials, the heat generated has a 
negative influence on the tool life and performance. Therefore, the control of cutting 
temperature is required to achieve the desired tool performance. 
Avila (2001) investigated the effect of cutting fluids on the machining of 
hardened steel (MS14340). In this work, the performance of three types of cutting 
fluids (two emulsions and one synthetic fluid) has been compared to dry machining 
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using mixed alumina inserts. Results show that the application of a cutting fluid based 
on an emulsion without mineral oil results in longer tool life compared to dry cutting 
and the use of cutting fluid is responsible for reducing the scatter in the surface finish 
values at high cutting speeds. 
Lin et al. (2008) found that tool life rises with the increase of cutting speed 
until a maximum is reached where it starts to decrease. In low speed cutting, abrasion 
is the main form of wear. When cutting speed is increased, a sticking layer is formed 
and remained on the tool face which protects tool face from wearing. At high cutting 
speed, the chip is transformed from continuous type to segmented type. Friction force 
is increased accordingly, and the layer on the tool face is abraded gradually. Since 
diffusion between work and tool materials becomes more severe at high cutting speed, 
the bond between the hard particles is weakened, and wear on the rake face is 
increased drastically. Together with the increase of crater wear, flank wear is 
increased. 
Martin (2006) studied that a finite element of a two-dimensional, orthogonal 
metal-cutting process is used to study the influence of the cutting speed on the cutting 
force and the chip formation process. The model uses a generic flow stress law. 
Friction is neglected as its speed dependence is only poorly known. It is shown that 
the experimentally observed decrease of the cutting force with the cutting speed. The 
decrease is mainly caused by a change in the shear angle due to thermal softening. At 
large cutting speeds, segmented chips are produced. It is also shown by an analytical 
calculation that segmented chips at large cutting speeds are energetically more 
favorable than continuous chips. 
Diniz et al. (2003) studied the influence of refrigeration/lubrication condition 
on SAE52100'hardened steel turning at several cutting speeds with CBN tools. Dry 
and minimum volume of oil showed the similar values of flank wear, which is always 
smaller than the values for wet machining. Also wet machining did not show better 
values of surface roughness compared to minimum volume of oil and dry machining. 
Bouzid et al. (2005)- has studied the variation of tool wear with cutting time. 
This is to determine the tool life defined as the usable time that has elapsed before the 
tool wear has reached the criterion value. It is shown that an increase in cutting speed 
causes a higher decrease of the time of the second gradual stage of the wear process. 
This is due to the thin coat layer which is rapidly peeled off/when high speed turning. 
The investigation included the realization of a wear model in relation to time and to 
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cutting speed. An empirical model has also been developed for tool life in terms, of 
cutting speed. They have concluded that it is possible to set optimal cutting speed to 
achieve the maximum tool life by using their model. 
Diniz et al. (2002) carried out experiments in turning operations of AISI1045 
steel with coated carbide tools under different cutting conditions. They have studied 
comparison between dry cutting and cutting with cutting fluid at different feeds and 
cutting speeds. They concluded that the operation with fluid always lead to a longer 
tool life when compared with dry turning. The author has used a concept of total tool 
wear in this study. 
Sales et al. (2001) measured the cooling capacity of several cutting fluids and 
showed that a synthetic fluid at 5% concentration presented a cooling capacity 10.9 
times greater than when no cutting fluid was used, and at 10% concentration, the 
cooling efficiency was 6.6 times greater than when no fluid was used at all. This 
result shows the significant contribution the cutting fluid has towards the cooling in 
machining processes, especially in turning, in which the tool-work-piece contact is 
continuous. 
2,4. Statistical Modeling and Optimization 
Ahmed et al. (2007) developed tool life prediction model for turning 
medium carbon steel by using response surface methodology. Factorial design 
techniques have been used to study the effects of cutting speed and depth of cut on 
tool life. The test has been carried out using uncoated carbide inserts under high 
pressure coolant condition. They have presented first order tool life prediction model 
with in the speed range of 133-226m/min. The results showed that response surface 
methodology carried with factorial design of experiments is a better alternative to the 
traditional one-variable-at-a-time approach for studying the effect of cutting variables 
on surface roughness and tool life. This significantly reduces the total number of 
experiments. 
Davim (2001) developed linear regression models to predict average surface 
roughness and maximum peak to valley height by conducting experiments on free-
machining steel based on Taguchi L27 orthogonal array. The predicted values of 
surface roughness parameters were compared with corresponding values computed 
using theoretical models. 
Noordin et al. (2004) studied the application of response surface methodology 
in describing the performance of coated carbide tools when turning AISI1045 steel. 
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The factors investigated were cutting speed, feed and side cutting edge angle. The 
response variables were surface finish and tangential force. ANOVA revealed that 
feed is the most significant factor influencing the response variables investigated. It 
was also found that an increase in cutting speed and feed reduces the tool life for 
KT315 and KT9110. Tangential cutting force is the dominant force for all cutting 
speed. High feed speed produces loose are chips. Mathematical models developed to 
predict cutting force produce sound results. 
Tugral Ozel et al. (2005) developed predictive model of tool wear and surface 
roughness in hard turning by CBN tool using neural network and regression method. 
Trained neural network models were used in predicting tool flank wear and surface 
roughness for other cutting conditions. They concluded that decrease in feed rate 
resulted in better surface roughness but slightly faster tool wear. 
Kalos et al. (2009) studied the application of RSM for minimizing the 
roundness and cylindricity on turned cylindrical components of EN-8 alloy steel with 
carbide tool. The parameters investigated were cutting speed, feed rate and bar 
diameter. The response variables were roundness and cylindricity. ANOVA revealed 
that the cutting speed is the main influencing parameter on roundness and feed rate is 
the main influencing parameter on cylindricity. Roundness increased with increasing 
cutting speed, but decreased with increasing feed rate while cylindricity increased 
with increasing feed rate, but decreased with increasing cutting speed. Mathematical 
models developed to predict cylindricity and roundness produce sound results. Monte 
Carlo simulation has been applied to simulate the process for combine error. 
Anirban et al. (2009) have investigated the effect of cutting parameters on 
surface finish and power consumption during high speed machining of AISI irons 
steel using Taguchi design and ANOVA. In this study, combined technique of 
orthogonal array and analysis of variance was employed to investigate the 
contribution and effect of cutting speed, feed rate and depth of cut (only three factors) 
on three surface roughness parameters and power consumption were studied at 
different metal cutting conditions. The results showed a significant effect of cutting 
speed on surface roughness and power consumption, while the other parameters have 
not substantially affected the response. 
Sood et al. (2000) studied the specific energy where the power of machining is 
one of the parameter affecting the specific energy. There have been plenty of recent 
applications of Taguchi techniques to materials processing for process optimization 
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(Aman et al. 2007, Faleh, 2005). Statistical methods and Taguchi's technique was 
used for investigating machinability and optimizing power consumption. In another 
study, it was observed that power consumption is one of the most important 
parameters for condition monitoring (Faleh, 2005). The study revealed that when 
cutting fluid is used, cryogenic environment is the most significant factor in 
minimizing power consumption followed by cutting speed and depth of cut. The 
effects of feed rate and tool nose radius were found to be insignificant compared to 
other factors. 
Lin et al. (2001) have formulated a statistical model for surface roughness and 
cutting force by regression analysis, using for turned S5sc steel. Similar investigations 
have been made by Risbood et al. (2003). 
Taguchi method (Taguchi, 1990, Ross, 1988, Phadake, 1989) is a systematic 
application of design and analysis for experiments. It has proved to be an effective 
approach to produce high-quality products at a relatively low cost. 
Daniel et al. (2004) did the experiment with the objective of optimizing 
surface finish in a turning operation using the Taguchi parameter design method. The 
study found that control factors had varying effects on the response variable, with 
feed rate and tool nose radius having the highest effects. The noise factors, on the 
other hand, were found to not have a statistically noticeable effect. The measurement 
of the work pieces in this confirmation run led to the conclusion that the selected 
parameter values from this process produced a surface roughness that was much lower 
than the other combinations tested in this study. The use of the Taguchi parameter 
design technique was considered successful as an efficient method to optimize surface 
roughness in a turning operation. 
Nalbant et al. (2007) presented an application of the parameter design of the 
Taguchi method in the optimization of turning operations. Taguchi's robust 
orthogonal array design method is suitable to analyze the surface. roughness (metal 
cutting) problem It is found that the parameter design of the Taguchi method 
provides a simple, systematic, and efficient methodology for the optimization of the 
cutting parameters. The experimental results demonstrated that the insert radius and 
feed rate are the main parameters among the three controllable factors (insert radius, 
feed rate and depth of cut) that influence the surface roughness in turning AISI 1030 
carbon steel. 
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Yang et al. (1998) used Taguchi parameter design for optimization of 
machining parameters for turning operations. It was found that cutting speed and feed 
rate are the significant cutting parameters for affecting tool life. The change of the 
depth of cut in the range given (0.6-1.6 mm) has an insignificant effect on tool life. 
Therefore, based on the SIN ratio and ANOVA analyses, cutting speed, feed rate, and 
depth of cut are reported to be the significant cutting parameters for affecting surface 
roughness. However, the contribution order of the cutting parameters for surface 
roughness is feed rate, then depth of cut, and then cutting speed. 
The optimization of turning operations based on. the Taguchi method with 
multiple performance characteristics is proposed by Nian et al. (1998). The 
orthogonal array, multi-response signal-to-noise ratio, and analysis of variance were 
employed to study the performance characteristics in turning operations. Three cutting 
parameters namely, cutting speed, feed rate, and depth of cut, were optimized with 
considerations of multiple performance characteristics including tool life, cutting 
force, and surface finish. 
Nihat Tosun (2006) used the grey relational analysis technique and determined 
the optimum drilling process parameters. Various drilling parameters such as feed 
rate, cutting speed, drill type and point angles were considered and optimized by the 
grey relational grade obtained from the grey relational analysis for multi-performance 
characteristics (surface roughness and the burr height). 
Kao et al. (2003) obtained grey relational grade using grey relational analysis 
while electrochemical polishing of the stainless steel. Optimal machining parameters 
were determined by the grey relational grade as the performance index. They 
observed that the performance characteristics such as surface roughness and 
passivation strength are improved. 
Palanikumar et al. (2006) optimized the turning parameters such as cutting 
speed, feed rate, depth of cut and machining time based on the multiple-performance 
characteristics including material removal rate, tool wear, surface roughness and 
specific cutting pressure by using grey relational analysis method. 
Brahmankar et al. (2009) used new combination of response surface method 
and grey relational analysis to optimize electro-discharge machining parameters with 
multi-performance characteristics. A metal matrix composite AllA1203P110% has 
been machined at various combinations of machining parameters such as pulse on-
time, off-time, and wire speed and wire tension. Empirical models have been 
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developed to predict the cutting rate, surface roughness, and kerf width of the 
machined composite material by RSM method. They observed that improvement in 
cutting rate was more than 100% compared to the initial level experiments, with 
reasonably smooth surfaces and narrow kerf width. 
Chang et al. (2007) used grey relational analysis to set two stage experiments 
to determine cutting parameters for optimizing the side milling process with multi-
performance characteristics. Yang et al. (2006) employed grey relational analysis 
method to determine optimal machining parameters setting for the .end milling of 
high-purity graphite under dry machining conditions. 
However, when calculating the values of grey relational grade, most of the 
researchers determine the weighting values of various performance characteristics 
based on their own subjective estimation. The drawback of this approach is that it 
does not give actual weighting of various performance characteristics. To overcome 
this limitation, Jean et al. (2004) and Peng et a1_ (1999) used fuzzy logic to calculate 
weighting for determining grey relational grade to optimize a problem involving 
multi-performance characteristics. 
This research work specially introduces a desirable solution for a multi. 
performance characteristic problem-grey relational analysis for optimizing 
combination of turning parameters and principal component. analysis for determining 
the corresponding weighting values of various performance characteristics. Pearson 
(1901) proposed Principal component analysis (PCA) which was subsequently 
developed as a statistical tool by Hotelling (1993). The principal component analysis 
approach preserves as much original information as possible by significantly 
simplifying a large number of correlated variables into fewer uncorrelated and 
independent principal components. 
Lu et al. (2008) applied grey relational analysis coupled with principal 
component analysis for optimization design of the cutting parameters in high-speed 
end milling process performed on SKD61 tool steel. The major performance 
characteristics are tool life and metal removable rate, and the corresponding cutting 
parameters are milling type, spindle speed, feed per tooth, and radial depth of cut and 
axial depth of cut. Moreover, the principal component analysis is applied to evaluate 
the weighting values corresponding to various performance characteristics so that 
their relative importance can be properly and objectively described. The results of 
confirmation experiments reveal that grey relational analysis coupled with principal 
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component analysis can effectively be used to obtain the optimal combination of 
cutting parameters. 
Arshad et al. (2010) used grey relational analysis coupled with principal 
component analysis for optimization design of the process parameters in in-feed 
centre less cylindrical grinding process performed on EN-52 austenitic valve steel. 
The major performance characteristics are surface roughness, out of cylindricity of the 
valve stem and diametral tolerance, and the corresponding centre Iess cylindrical 
grinding parameters are dressing feed, grinding feed, dwell time and cycle time. 
Moreover, the principal component analysis is applied to evaluate the weighting 
values corresponding to various performance characteristics so that their relative 
importance can be properly and objectively described. The results of confirmation 
experiments reveal that grey relational analysis coupled with principal component 
analysis can effectively be used to obtain the optimal combination of centre less 
cylindrical grinding parameters. 
Santanu et al. (2003) applied analytical hierarchy process (AHP) for 
estimation of the state of the cutting tool in the machining of medium carbon steel 
workpiece with coated carbide inserts based on cutting force measurement. It is found 
that the estimated state of tool wear matches closely with the directly observed state 
of tool wear. 
Rao (2006), presented combined multiple attribute decision-making method in 
evaluation of machinability of work materials for a given machining operation. He 
suggested that the global machinability index helps to evaluate and rank the work 
materials for a given machining operation. 
Kumar et al. (2000) applied Taguchi method and the utility concept for quality 
(multi-objective) optimization. The utility concept employs the weighting factors to 
each of the signal to noise (S/N) ratios of the performance characteristics to obtain a 
multi-response S/N ratio for each trial of an orthogonal array. 
Based on the literature given above the present work was planned. En-31 steel 
was turned with tungsten carbide tools under different levels of cutting speed, feed 
rate, and depth of cut, nose radius and concentration of solid lubricants mixed with 
SAE-40 base oil based on 24+g and 25+8 design. En-31 steel is chosen for this study 
because it is widely used in automotive industry for the production of axle, roller 
bearings, ball bearings, shear blades, spindle mandrels, forming and molding dies, 
rollers, blanking and forming tools, knurling tools and spline shafts, etc (Kalpakjian, 
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1997). Tungsten carbide inserts were used due to its low cost (economic reason) and 
superior properties as a cutting tool material for optimizing the minimum quantity 
lubrication parameters during machining of En-31 steel (Kalpak Jian, 1997). 
In the pilot experiments different concentrations of three solid lubricants (1%, 
2%, 3%, 4%, 5%, 10%, 12%, 13%, 15%, 17%, 20%, and 23%) were applied and the 
percentage of solid lubricant that gave minimum (stable) cutting forces was 10% to 
20% solid lubricant + SAE-40 oil as optimum. Therefore minimum and maximum 
percentage of concentration of solid lubricants mixed with SAE-40 base oil have been 
selected in this work is 10% and 20% respectively. MQL (solid+liquid) is still a 
relatively new research area, and only a few researchers have studied machining with 
solid lubricants (Shaji et al. 2003), (Silva, 2005), (Venugopal, 2004). They have 
properly applied solid lubricant i.e. graphite powder and MoS2 powder during milling, 
grinding and metal forming process. They reported that solid lubricant assisted 
machining is a novel concept to control the machining zone temperature without 
polluting the environment. 
Development of lubricants that are eco-friendly and economical are acquiring 
importance. In this context, using MQL of solid lubricant mixed with base oil SAE-40 
has proved to be a feasible alternative to the conventional cutting fluids. Machining 
solid lubricant mixed with SAE-40 base oil (MQL), is an environmentally safe 
alternative to conventional cooling condition machining. Hence an attempt has been 
made in the present research work to investigate the effect of MQL on metal cutting 
performance while turning En-31 steel with tungsten carbide inserts. SAE-40 base oil 
is chosen as the mixing medium, due to its higher viscosity and hence improved 
lubricating and cooling properties of minimum quantity lubricant (solid-liquid). 
In the development of predictive machinability models five turning parameters 
at three levels were used. The suitable values for the cutting conditions for this work 
were selected based on pilot experiments and specification of lathe machine used. 
These five parameters were cutting speed, feed rate, and depth of cut, tool nose radius 
and % of concentration of lubricants (MQL). The output parameters used as 
performance indicators were chip-tool interface temperature, cutting forces, surface 
roughness, tool wear rate and chip thickness. These parameters are considered as 
response variables under dry, wet and minimum quantity of lubrication machining. 
Effect of tool geometry (tool nose radius) was also considered apart from the effect of 
main cutting parameters (cutting speed, feed rate and depth of cut) on the responses. 
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Most researchers used three main cutting parameters and studied the effect of these 
parameters on responses (Feng et al. 2002, Han Singh et al. 2007, Bardie et al. 1997), 
but the combined effect of tool nose radius and the cutting parameters has not been 
studied properly. Therefore, in this work an effort has been made to study the 
combined effect of tool nose radius and the cutting parameters on responses during 
turning En-31 steel with tungsten carbide inserts under dry, wet and MQL(solid-
liquid) condition. 
As emphasized earlier design of experiment is a powerful analysis tool for 
modeling and analysis of the influence of process variables over some specific 
parameters which is an unknown function of these process variables. Factorial design 
(24+8) and (25+8) used in this work is a composite design. This has been proposed by 
Box and Hunter (1978). There are numerous advantages associated with the use of 
factorial design in conducting these experiments. It is more efficient than the 
conventional method one-factor-at-a-time experiments commonly employed by 
researchers, and also enables the study of both, the main and interaction effects 
among the factors. Factorial design will give a combination, near to the minimum or 
maximum, where as the one-factor-at-a-time procedure will not. 
24+8 factorial design for dry machining represents 24 experiments. Eight 
experiments represent an added centre point, repeated eight times to estimate the pure 
error. 
25+8 factorial design for solid-liquid minimum quantity lubrication machining 
represents forty experiments for each lubricant. Eight experiments represent an added 
centre point, repeated eight times to estimate the pure error. This method classifies 
and identifies the parameters to three different levels (viz low, middle and high). In 
this experimentation, 24 experiments were carried out at these levels under dry and 
flooded coolant machining separately. Similarly 40 experiments were carried out at 
these levels under solid-liquid minimum quantity lubricant machining for each 
lubricant. Model equations for cutting temperature, cutting forces, surface roughness, 
chip thickness and tool wear rate under dry, wet and MQL machining as well as chip 
micro-hardness under dry conditions were obtained by using the analysis of variance 
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CHAPTER 3 
EXPERIMENTAL INVESTIGATION AND STATISTICAL 
TECHNIQUES FOR ANALYSIS OF DATA 
To achieve the objectives listed in chapter-I experiments were planned. The 
tools and materials used, experimental conditions, instrumentation, planning of 
experimental conditions and the procedures adopted for the study are described in this 
section. 
3.1 Complete Experimental set up 
A high precision (LTM-20) heavy duty lathe machine was used for 
experimentation as shown in Figure 3.1. The lathe gives us a wide variety of feeds, 
cutting speeds and depth of cut. It has a dead central mandrel to hold the heavy work-
piece firmly. The lathe has provision for automatic translator motion so as to 
minimize the variations in cutting conditions. It has high degree of accuracy and 
rigidity, which are required for the metal machining processes. This machine motor 
horse power is 5H_P and the spindle rotation ranges from 32 rpm to 1200 rpm. There 
are eight spindle rotational spindle speeds selectable. The ranges of feed rates are 
available by varying the arrangement of the gear train of the lathe. The range of feed 
rates is from 0.05 mm/rev to 2.50 mm/rev and 18 different feed rates are selectable. 
Figure 3.1 Complete Experimental set up 
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Cutting force measurement 
The cutting forces were measured using strain gauge type three component 
lathe tool dynamometer mounted on specially designed fixture as shown in Figure 3.2. 
It consists of three force components measurement circuit's i.e. cutting force (thrust), 
feed force and radial force components with balancing for initial zero setting of the 
bridge settings. The strain gauge with tungsten carbide tool was attached to the tool 
post of the lathe machine. The readings for cutting forces were recorded after output 
stabilization and have been used for analysis. 
The specification of lathe tool dynamometer: 
a) Sensing unit - It consists of mild steel cylinder with strain gauges mounted on it. 
b) Bridge balance unit (panel) - It consists of power supply unit, balancing pots for 
initial zero. 
c) Strain gauges — Quantity- 12 Nos. Resistance: 350 S], Gauge factor: 2±1. 
d) Balance pot (Tare)—Ten turn helical potentiometer for balancing channel l,2and 3. 
Figure 3.2 Measurement of cutting forces by lathe tool dynamometer 
Surface roughness measurement 
In this investigation the surface roughness was measured on an optical 
microscope (Carl-zesis, Japan made lens factor is 0.89), experimental set up with 
work piece as shown in Figure 3.3. The surface roughness was taken perpendicular to 
the turning direction. The surface roughness was measured at three locations around 
work-piece circumference. The value of the surface roughness is the average of three 
points taken for each measurement. 
Specifications: Build: BK. 70 x25, Range: 2µm- 60µm, Lens factor: 0.89 
Figure 3.3 Surface roughness measuring microscope with workpiece EN- 
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Chip-tool interface temperature measurement: 
A specially designed tool-work mercury pool thermocouple technique was 
used to measure average cutting temperature on the chip-tool interface during turning 
at different cutting speed, feed rate, depth of cut and tool nose radius combinations by 
the tungsten carbide inserts under dry, wet and minimum quantity (solid + liquid) 
lubricant (near dry lubricant) conditions. It is specially designed, fabricated and 
calibrated in Mechanical Engineering lab AMU, Aligarh, India. And reported by 
(Abhang et al. 2010). Detailed calibration procedure is given in the next section. 
The most widely used method for measuring cutting temperatures is the tool-
work thermocouple method as shown in Figure 3.4 (schematic diagram), with due 
care to avoid generation of parasitic emf and electrical short circuit. This method uses 
the tool and work piece as the elements of a thermocouple. The hot junction is the 
interface between the tool and the work piece and cold junction is formed by the 
remote sections of the tool and work piece which must be connected electrically and 
held at a constant reference temperature. Tool-work thermocouple technique is the 
most widely used technique for the measurement of the average chip-tool interface 
temperature. The other methods suffer from various disadvantages such as slow 
response indirectness and complications in measurement. 
An experimental set up designed, fabricated and calibrated in mechanical 
Engineering workshop to measure the temperature on cutting tool and work piece 
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junction during metal cutting on precision lathe (HMT, LTM 20 heavy duty lathe 
machine) as shown in Figure 3.5 and 3.6. 
IWndmigen 
iMliIlivoltmctcr 
Figure 3.4 Schematic experimental setup for measuring average chip-tool 
interface temperature using tool-work therms-couple technique 
MillivoItmeter 
Mercury cup 
Figure 3.5 Experimental setup for measuring average chip-tool interface 
temperature using tool-work thermo-couple technique 
40 
In this experimental setup a steel rod was screwed to the work piece through 
special adaptor as shown in Figure 3.5 at one end of it which was mounted on a four 
jaw chuck on the other end of the rod a metallic disc was mounted which rotated 
along with the chuck. This disk was dipped into the mercury bath, from where a wire 
was taken out to the milivolt meter. Another wire was screwed to the tool insert 
connecting it with mill-volt meter. The circuit was completed when the tool and work 
piece came into contact. Tool and work piece junction acted as the hot junction, while 
machining was on and other ends of the work piece and tool at room temperature, 
acted as cold junction. To avoid noise in the thermocouple signals, the work piece and 
tool were completely insulated from the rest of the machine by mica. 
Callibration of chip-tool thermocouple 
The purpose in calibrating the tool-work thermocouple is to develop a 
thermoelectric relationship between the cutting tool material and the workpiece 
material. In the present work, the calibration of the tool-work thermocouple was 
carried out by external flame heating as shown in Figure 3.6. The procedure is given 
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Figure 3.6 Experimental setup for calibrating the tool-work thermocouple 
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3.2 Other tools and equipment used 
Micro-Hardness Tester 
Chip microhardness was measured using Vickers microhardness tester as 
shown in Figure 3.7. The chips were collected randomaly at the end of each cutting 
test in order to measure the microhardness of the chip. Specimens were mounted, 
ground, and polished on a grinding and polishing apparatus to obtain a clean, smooth 
chip surface suitable for the microhardness measurment test. The polishing apparatus 
and specimens are shown in Figure 3.8 and Figure 3.9 respectively. 
Specification of Microhardness tester: Micromet microhardness tester 
(BUEHLER LTD. USA, 60044), HMO 2450, Serial Number: 308183/53, 
Width*Depth* Height = 0.30*0.67*0.97m. Weight = 180 kg. Measuring range: For 
140-fold magnification, impression dia.= 0.....0.8mm, Scale reading = 0.5µm. 
Figure 3.7 Vickers microhardness tester 
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Figure 3.8 Polishing Machine 
Figure 3.9 Prepared specimens for measurment of microhardness 
Slider caliper 
Calibrated digital slider caliper used for mesurment of chip thickness, 
minimum scale is (0 to 300). 
Precision Balance (single pan) 
Precision balance used for mesurement of total tool wear rate (maximum 300 
gram and minimum scale is 0.01 milligram). 
3.3 Workpiece material 
The cutting performance tests were performed on En-31 steel bars size 400 
mm in length and 51 mm in diameter for each experimental test. Its composition is 
shown in Table 3.1. 
43 
Table 3.1 Chemical composition of alloy steel (EN-31) Work piece 
Composition j 	C Si Mn Cr Co S P 
Wt.% 0.95-1 0.10-0.35 0.30-0.75 1.0-1.6 0.025 0.040 0.04 
Before the experiments were conducted, a hole was drilled on the face of the 
work-piece to allow it to be supported at the tailstock (Figurel) while turning on 
lathe; it reduces the vibration of the work-piece material and minimizes any impact 
force on the cutting speed. A precut with a 1mm depth of cut was performed on each 
workpiece prior to actual turning using a different tungsten carbide tools. This was 
done in order to remove the rust layer or hardened top layer from the outside surface 
and to minimize any effect of in homogeneity on the experimental results. Several 
trials were taken on the lathe to test its performance at required cutting speed, feed 
rate and depth of cut as well as various tool nose radius insert. The amount of wobble 
in the work-piece while taking a cut was checked using a dial indicator. The wobble 
was later reduced by pre adjusting the chuck. 
3.4 Tool material 
The cutting tool used for turning operation is WIDAX tool holder SCLCR 12 
12 F09 T3 (WIDAX) (ISO designation) and inserts are diamond shape tungsten 
carbide (CNMA 120404, CNMA120408 and CNMA 120412) (ISO designation). The 
tungsten carbide cutting tool is ideal for finishing to general machining of most work-
piece materials at higher cutting speeds. Carbide tools have good resistance to wear, 
thermal shock and corrosion. Excellent for machining most steels, stainless steel, cast 
iron, nonferrous materials and alloys under stable conditions. It also performs well 
machining hardened and short chipping materials (Nagpal, 1986, Kalapkjian, 1997). 
The code CNMA120404 represent the length of the cutting edge is 12 mm with a 
thickness of 4 mm and cutting point radius 0.4 mm. Tungsten carbide inserts was 
placed on a right-hand tool holder with a designation of SCLCR 12 12 F09T3 which 
corresponds to the following: 
Back rake angle, ab = 6°, Side rake angle, as = 6°  
End relief angle, 6e = 6°, Side relief angle, 6s = 6°  
End cutting edge angle, Ce = 6°, Side cutting angle, Cs = 6°  
Tool nose radius, R= 0.4, 0.8 and 1.2 mm, 
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3.5 Planning of experimental conditions 
In order to identify the process parameters affecting the selected machining 
quality characteristics of turned parts, an ISHIKAWA cause-effect diagram as 
proposed by Hari Singh et al. (2007) as shown in Figure 3.10. The identified process 
parameters are: 
i) The cutting tool parameters - Tool geometry, tool material, physical and 
mechanical properties. 
ii) The cutting parameters - Cutting speed v, feed rate, f and depth of cut, d. 
iii) Work-piece related parameters - Hot worked, cold worked, difficult to machine. 
iv) Environment parameters - Dry machining, wet machining and machining with 
minimum quantity lubrication (MQL). 
The following process parameters were thus selected for the present work — 
cutting speed, feed rate, depth of cut, tool nose radius, Environment — Dry, wet 
(soluble oil, Koolkut-40) and minimum quantity lubrication (MQL). 
The preliminary tests were carried out to find the suitable cutting speed, feed 
rate, depth of cut and tool nose radius for the tool-work combination under 
investigation. The suitable values for the cutting conditions for this work were 
selected based on this work diameter and .specifications of lathe used. The cutting tool 
just touched to the work material and the point is taken as a reference point from 
where the depth of cut is being decided, the tool is made to pass through the cutting 
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Figure 3.10 Ishikawa cause-effect diagram of a turning process (Hari 
Singh et at 2007) 
The process variables and their Ievels are shown in Table 3.2 to Table 3.5. 
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Table 3.2 Process variables and their levels (Dry cutting and cutting 












Low 39 0.2 0.2 0.4 
Middle 112 0.10 0.4 0.8 0 
High 189 0.15 0.6 1.2 + 
Table 3.3 Process variables and their levels (graphite powder mixed 
with SAE-40 base oil) 
Level Speed Feed Depth of Nose Concentration coding 
V F cut radius of graphite 
(m/min) (mm/rev) D(mm) R(mm) powder 
Cg % 
Low 39 0.2 0.2 0.4 10% - 
Middle 112 0.10 0.4 0.8 15% 0 
High 189 0.15 0.6 1.2 20% + 
Table 3.4 Process variables and their levels (MoS2 powder mixed 
with SAE-40 base oil) 
Level Speed Feed Depth of Nose Concentration coding 
V(m/min) F(mm/rev) cut radius of MoS2 
D(mm) R(mm) powder 
Cm °/a 
Low 39 0.2 0.2 0.4 10% - 
Middle 112 0.10 0.4 0.8 15% 0 
High 189 0.15 0.6 1.2 20% + 
47 
Table 3.5 Process variables and their levels (Boric acid mixed 
with SAE-40 oil) 
Level Speed Feed Depth Nose Concentration coding 
V(m/min) F(mm/rev) of cut radius of boric acid 
D(mm) R(mm) . 	powder 
Cb % 
Low 39 0.2 0.2 0.4 10% - 
Middle 112 0.10 0.4 0.8 15% 0 
High 189 0.15 0.6 1.2 20% + 
The percentage composition of solid-liquid lubricants are selected on the 
basis of pilot experiments, the results are discussed in the chapter 4. 
Four factors three level (2 + 8) factorial design with eight added centre points 
are adopted for dry and wet machining. The present study -takes into account the 
simultaneous variations of cutting speed, feed rate, depth of cut and tool nose radius 
and predict the response (chip-tool interface temperature, surface roughness, cutting 
forces, tool wear rate and chip thickness) . The centre point will be replicated eight 
times to allow estimation of pure error for lack of fit test and detection of curvature. A 
total of 24 experiments will be conducted. Table 3.6 shows the experimental 
conditions. 
Similarly in solid-liquid minimum quantity lubricant machining conditions 
five parameters are considered at three levels (25+8) factorial design with eight added 
centre point, is adopted for experimentation. A total of 40 experiments are conducted 
for each minimum quantity lubricant (MQL)c Table 3.7, Table 3.8 and Table 3.9 show 
the actual experimental conditions in different runs. 
Table 3.6 Design Matrix for dry and flooded coolant machining 








1 -1 -1 -1 -1 39 0.06 0.2 0.4 
2 -1 -1 -1 +1 39 0.06 0.2 1.2 
3 -1 -1 + -1 39 0.06 0.6 0.4 
4 -1 -1 +1 +1 39 0.06 0.6 1.2 
5 -1 +1 -1 -1 39 0.15 0.2 0.4 
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6 -1 +1 -1 +1 39 0.15 0.2 1.2 
7 -1 +1 +1 -1 39 0.15 0.6 0.4 
8 -1 +1 +1 +1 39 0.15 0.6 1.2 
9 +1 -1 -1 -1 189 0.06 0.2 0.4 
10 +1 -1 -1 +1 189 0.06 0.2 1.2 
11 +1 -1 +1 -1 189 0.06 0.6 0.4 
12 +1 -1 +1 +1 189 0.06 0.6 1.2 
13 +1 +1 -1 -1 189 0.15 0.2 0.4 
14 +1 +1 -1 +1 189 0.15 0.2 1.2 
15 +1 +1 +1 -1 189 0.15 0.6 0.4 
16 +1 +1 +1 +1 189 0.15 0.6 1.2 
17 0 0 0 0 112 0.10 0.4 0.4 
18 0 0 0 0 112 0.10 0.4 1.2 
19 0 0 0 0 112 0.10 0.4 0.4 
20 0 0 0 0 112 0.10 0.4 1.2 
21 0 0 0 0 112 0.10 0.4 0.4 
22 0 0 0 0 112 0.10 0.4 1.2 
23 0 0 0 0 112 0.10 0.4 0.4 
24 0 0 0 0 112 01.0 0.4 1.2 
Table 3.7 Design Matrix for MQL (graphite + SAE-40 base oil) machining 
Sr. 
No 










1 +1 +1 +1 +1 +1 189 0.15 0.6 1.2 20 
2 -1 +1 +1 +1 +1 39 0.15 0.6 1.2 20 
3 +1 -1 +1 +1 +1 189 0.06 0.6 1.2 20 
4 -1 -1 +1 +1 +1 39 0.06 0.6 1.2 20 
5 +1 +1 -1 +1 +1 189 0.15 0.2 1.2 20 
6 -1 +1 -1 +1 +1 39 0.15 0.2 1.2 20 
7 +1 -1 -1 +1 +1 189 0.06 0.2 1.2 20 
8 -1 -1 -I +1 +1 39 0.06 0.2 1:2 20 
9 +1 +1 +1 -1 +1 189 0.15 0.6 0.4 20 
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10 -1 +1 +1 -1 +1 39 0.15 0.6 0.4 20 
11 +1 -1 +1 -1 +1 189 0.06 0.6 0.4 20 
12 -1 -1 +1 -1 +1 39 0.06 0.6 0.4 20 
13 +1 +1 -1 -1 +1 189 0,15 0.2 0.4 20 
14 -1 +1 -1 -1 +1 39 0.15 0.2 0.4 20 
15 +1 -1 -1 -1 +1 189 0.06 0.2 0.4 20 
16 -1 -1 -1 -1 +1 39 0.06 02 0.4 20 
17 +1 +1 +1 +1 -1 189 0.15 0.6 1.2 10 
18 -1 +1 +1 +1 -1 39 0.15 0.6 1.2 10 
19 +1 -1 +1 +1 -1 189 0.06 0.6 1.2 10 
20 -1 -1 +1 +1 -1 39 0.06 0.6 1.2 10 
21 +1 +1 -1 +1 -1 189 0.15 0.2 1.2 10 
22 -1 +1 -1 +1 -1 39 0.15 0.2 1.2 10 
23 +1 -1 -1 +1 -1 189 0.06 0.2 1.2 10 
24 -1 -1 -1 +1 -1 39 0.06 0.2 1.2 10 
25 +1 +1 +1 -1 -1 189 0.15 0.6 0.4 10 
26 -1 +1 +1 -1 -1 39 . 	0.15 0.6 0.4 10 
27 +1 -1 +1 -1 -1 189 0.06 0.6 0.4 10 
28 -1 -1 +1 -1 -1 39 0.06 0.6 0.4 10 
29 +1 +1 -1 -1 -1 189 0.15 0.2 0.4 10 
30 -1 +1 -1 -1 -1 39 0.15 0.2 0.4 10 
31 +1 -1 -1 -1 -1 189 0.06 0.2 0.4 10 
32 -1 -1 -1 -1 -1 39 0.06 0.2 0.4 10 
33 0 0 0 0 0 112 0.1 0.4 0.8 15 
34 0 0 0 0 0 112 0.1 0.4 0.8 15 
35 0 0 0 0 0 112 0.1 0.4 0.8 15 
36 0 0 0 0 0 112 0.1 0.4 0.8 15 
37 0 0 0 0 0 112 0.1 0.4 0.8 15 
38 0 0 0 0 0 112 0.1 0.4 0.8 15 
39 0 0 0 0 0 112 0.1 0.4 0.8 15 
40 0 0 0 0 0 112 0.1 0.4 0.8 15 
so 
Table 3.8 Design Matrix for MQL (MoS2 + SAE-40 base oil) machining 
Sr_ 
No. 










1 +1 +1 +1 +1 +1 189 0.15 0.6 1.2 20 
2 -1 +1 +1 +1 +1 39 0.15 0.6 1.2 20 
3 +1 -1 +1 +1 +1 189 0.06 0.6 1.2 20 
4 -1 -1 +1 +1 +1 39 0.06 0.6 1.2 20 
5 +1 +1 -I +1 +1 189 0.15 0.2 1.2 20 
6 -1 +1 -1 +1 +1 39 0.15 0.2 1.2 20 
7 +1 -1 -1 +1 +1 189 0.06 0.2 1.2 20 
8 -1 -1 -1 +1 +1 39 0.06 0.2 1.2 20 
9 +1 +1 +1 -1 +1 189 0.15 0.6 0.4 20 
10 -1 +1 +1 -1 +1 39 0.15 '0.6 0.4 20 
11 +1 -1 +1 -1 +1 189 0.06 0.6 0.4 20 
12 -1 -1 +1 -1 +1 39 0.06 0.6 0.4 20 
13 +1 +1 -1 -1 +1 189 0.15 0.2 0.4 20 
14 -1 +1 -1 -1 +1 39 0-15 0.2 0.4 20 
15 +1 -1 -1 -1 +1 189 0.06 0.2 0.4 20 
16 -1 -1 -1 -1 +1 39 0.06 0.2 0.4 20 
17 +1 +1 +1 +1 -1 189 0.15 0.6 1.2 10 
18 -1 +1 +1 +1 -1 39 0.15 0.6 1.2 10 
19 +1 -1 +1 +1 -1 189 0.06 0.6 1.2 10 
20 -1 -1 +1 +1 -1 39 0.06 0.6 1,2 10 
21 +1 +1 -1 +1 -1 189 0.15 0.2 1.2 10 
22 -I +1 -1 +1 -1 39 0.15 0.2 1.2 10 
23 +1- .-1 -1 +1 -I 189 0.06 0.2 1.2 10 
24 -1 -1 -1 +1 -1 39 0.06 0.2 1.2 10 
25 +1 +1 +1 -1 -1 189 0.15 0.6 0.4 10 
26 -I +1 +1 -1 -1 39 0.15 0.6 0.4 10 
27 +1 -1 +1 -1 -1 189 0.06 0.6 0.4 10 
28 -1 -1 +1 -1 -1 39 0.06 0.6 0.4 10 
29 +1 +1 -1 -1 -1 189 0.15 0.2 0.4 10 
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Table 3.9 Design Matrix for MQL (boric acid + SA]-40 base oil) machining 










1 +1 +1 +1 +1 +1 189 0.15 0.6 1.2 20 
2 -1 +1 +1 +1 +1 39 0.15 0.6 1.2 20 
3 +1 -1 +1 +1 +1 189 0.06 0.6 1.2 20 
4 -1 -1 +1 +1 +1 39 0.06 0.6 1.2 20 
5 +1 +1 -1 +1 +1 189 0.15 0.2 1.2 20 
6 -I +I -1 +1 +1 39 0.15 0.2 1.2 20 
7 +1 -1 -1 +1 +1 189 0.06 0.2 1.2 20 
8 -1 -1 -1 +1 +1 39 0.06 0.2 1.2 20 
9 +1 +1 +1 -1 +1 189 0.15 0.6 0.4 20 
10 -1 +1 +1 -1 +1 39 0.15 0.6 0.4 20 
11 +1 -1 +1 -1 +,1 189 0.06. 0.6 0.4 20 
12 -1 -1 +1 -1 +1 39 0.06 0.6 0.4 20 
13 +1 +1 -1 -1 +1 189 0.15 0.2 0.4 20 
14 -1 +1 -1 -1 +1 39 0.15 0.2 0.4 20 
15 +1 -1 -1 -1 +1 189 0.06 0.2 0.4 20 
16 -1 -1 -1 -1 +1 39 0.06 0.2 0.4 20 
17 +1 +1 +I +l -1 189 0.15 0.6 1.2 10 
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18 -1 +1 +1 +1 -1 39 0.15 0.6 1.2 10 
19 +1 -1 +1 +1 -1 189 0.06 0.6 1.2 10 
20 -1 -1 +1 +1 -1 39 0.06 0.6 1.2 10 
21 +1 +1 -1. +1 -1 189 0.15 0.2 1.2 10 
22 -1 +1 -1 +1 -1 39 0.15 0.2 1.2 - 	10 
23 +1 -1 -1 +1 -1 189 0.06 0.2 1.2 10 
24 -1 -1 -1 +1 -1 39 0.06 0.2 1.2 10 
25 +1 +1 +1 -1 -1 189 0.15 0.6 0.4 10 
26 -1 +1 +1 -1 -1 39 0.15 0.6 0.4 10 
27 +1 -1 +1 -1 -1 189 0.06 0.6 0.4 10 
28 -1 -1 +1 -1 -1 39 0.06 0.6 0.4 10 
29 +1 +1 -1 -1 -1 189 0.15 0.2 0.4 10 
30 -1 +1 -1 -1 -1 39 0.15 0.2 0.4 10 
31 +1 -1 -1 -1 -1 189 0.06 0.2 0.4 10 
32 -1 -1 -1 -1 -1 39 0.06 0.2 0.4 10 
33 0 0 0 0 0 112 0.1 0.4 0.8 15 
34 0 0 0 0 0 112 0.1 0.4 0.8 15 
35 0 0 0 0 0 112 0.1 0.4 0.8 15 
36 0 0 0 0 0 112 0.1 0.4 0.8 15 
37 0 0 0 0 0 112 0.1 0.4 0.8 15 
38 0 0 0 0 0 112 0.1 0.4 0.8 15 
39 0 0 0 0 0 112 0.1 0.4 0.8 15 
40 0 0 0 0 0 112 0.1 0.4 0.8 15 
3.6 Softwares for analysis of results 
Design and analysis of experiment software, Mnitab version-15 and Microsoft 
excel (MS Office-2007) are used for analysis of experiment results. 
3.7 Response parameters 
The parameters evaluated through direct experiments are: 
1. Chip-tool interface temperatures 
2. Cutting forces 
3. Surface roughness 
4. Tool wear rate 
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5. Chip thickness 
6. Chip micro-hardness 
7. Power consumption 
8. Chip forms produced 
9. Cooling efficiency 
A few more derived parameters also studied and reported in this work are: 
Chip-tool contact length, coefficient of friction, shear angle, compression 
ratio, specific cutting force and maximum machining ratio. 
3.8 Procedures for various statistical techniques used 
Development of statistical models 
The functional relationship between responses of the cutting operation and the 
investigated independentvariables can be represented by the following equations as 
proposed by (Ahmed et al. 2007, Bardadie et al. 1997). 
Dry and flood machining: 
T = C va z ' d° Id g1 (3.1) 
Ra = cI VaI 	I dcl rdi EI (3.2) 
Fc = c2 va2 f'2 dc2 rd2 E2 (3.3) 
Ff = C3 va' 1b3 dc3 r g3 (3-4) 
Tw = c4 va4 f4 dc4rd4e4 (3.5) 
tc = c5 v 	f5 dc5 rd5c5 (3.6) 
p = C6 Va6 f d 	rd6c (3.7) 
vimr = c7 Val fb7 dc7 rd7E7 (3.8) 
MQL (Solid-liqued) machining: 
T = c va f" do ra ce E 	 (3.9) 
	
Ra = cI val fbl dcl IdI CelE` 	 (3.10) 
Fc = c2 vv 1b2 de'r~ C 2 E2 	 (3.11) 
Ff = c3 va3 l de3 r o` c c3 (3.12) 
Tw = c4 va4 4 de4 rd4 cea c 	 (3.13) 
tc = C5 v-5 l5 desr C d5 e5 E5 	 (3.14) 
p = cs vas f dc' rr c`' C6 (3.15) 
The model can be transformed to logarithmic equation as shown below: 
LnY= Inc+aInv+binf+cInd+dlnr+elnc+Inc 	 (3.16) 
Which represent the following Iinear mathematical equation, 
= b0x4 + bixl + b2x2 + b3x3 + b4x4 + 	b5x5 	 (3.17) 
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where, rl is the true response of the cutting operation on Logan 	c scale, xO = 1 
(dummy variable), x1, x2, x3, x4 and xs are logarithmic transformation of cutting 
speed, feed rate, depth of cut, tool nose radius and concentration of lubricants 
respectively, 
The linear model of Eq. (3.17) in terms of the estimated response can be written as, 
Y = y— a = boxo + blxl + b2x2 + b3x3 + b4x4 + bsx5 	 (3.18) 
Where, Y is the estimated response based on first order equation, and y is the 
measured response based on experimental results on a logarithmic scale. In this 
equation a is the experimental error, and the `b' values are the estimates of 
corresponding parameters. The constants and exponents a, b, c, d and e can be 
determined by the method of least squares. The basic formula is: 
b = (XT. X)-1 XT Y 
	
(3.19) 
Where, the calculation matrices are X and the variance matrix (XT.X)-1, hence 
the b values can be determined by using egn(3.19) (Montgomery, 2005). 
If the first-order model demonstrates any statistical evidence of lackoff fit 
through ANOVA a second-order model will be developed. The general equation for 
the response model has been represented as: 
k 
2 Y = b0 + 	bix;u + lbjixi~ + J bijx;Uxju 	(3.20) 
i=1 i=1 	i<j 
The general second order model can be represented as: 
Y — y - c = bo xo + bI xl + b2 x2 + b3 x3 + b4 x4 + b12 xix2 + b23 x2x3 + b14 X1X4 
+ b24 x2x4 + b13 xIx3 + b34 x3X4 + bI1 x12 + b22 X22 + b33 7(32 +b44 X42 	(3.21) 
Where, Y is the estimated response based on second order equation. The 
parameters, i.e. b0, bl, b2, b3, b4, b12, b23, b14 are to be estimated by the method of least 
squares, eqn (3.19). x12, X22, 7(32 and x42 are the quadratic effects of these variables 
and x1x2, XIX3, x2x3, x1x4 and x3x4 represent the interaction between them, b0, b1, 
b2.........b14 are the regression coefficient to be estimated. In order to understand the 
steel turning process, the experimental values used to develop the mathematical 
models using response surface method. In this work, commercially available 
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mathematical software package M NITAB-15 was used for the computation of the 
regression constants and exponents. 
The variables are coded by taking into account the capacity and the limiting 
cutting condition of the lathe machine. The coded values of variables are to be used in 
equation (3.18). The variables_ are transformed according to natural logarithmic 
equation as follows: 
X = Lnxn — In xn0 
In xa1 —ln xn0 
(3.22) 
Where, x is the coded value of any factor corresponding to its natural value xo, 
xnt is the natural value of the factor at the +1 level and x„o is the natural value of the 
factor at the middle level. 
Assuming null hypothesis in the form 
HO=0(b0 =b1 =b2 =b3 =b4=b5 =0) 	 (3.23) 
This is to say, none of the parameters V, F, D, R and concentration of 
lubricant C, have significant influence on output response. 
Monte Carlo Simulation 
For generating equivalent cutting temperature with the help of 
probability distribution through random number simulation, Monte Carlo simulation 
is used. Monte Carlo simulation has been used in the present work to simulate the 
process for combined error. 
Simulation is an imitation of the operation of the real—world process or system 
over time. Thus Monte Carlo simulations are generally static rather than dynamic_ The 
curves are drawn for CPDF (Cumulative Probability Distribution Function) are 
individual distribution for probability of occurrence. Subsequently a series of random 
numbers are taken serially up to two digits in the region 0 to 99. Numerical methods 
that are known as Monte Carlo methods can be loosely described as statistical 
simulation methods, where statistical simulation is defined in quite general terms to 
be any method that utilizes sequences of random numbers to perform the simulation. 
The factors commonly studied in Monte Carlo experiments in static's include: 
statistical method, sample size, distribution of the random component in the model 
(normality), correlation among observations (independence), and homogeneity of the 
observations of associated variables. Monte Carlo studies are a common tool for 
investigating the properties of statistical methods. 
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Analytical Hierarchy Process (AI P) 
AHP is one of Multi Criteria Decision Making (MCDM) methods were 
originally developed by Satty (1999, 2008). The basic framework of AHP is based on 
the innate human ability to make sound judgment for small problems. Analytical 
Hierarchy Process (AHP) is a logical approach and is proved to be useful for 
modeling and analyzing various types of decisions-making situations in many fields 
of science and technology. It deals with the problem of choosing an alternative from a 
set of candidate alternatives, which are characterized in terms of some attributes 
Satty (1999) evolved AHP which enables decision makers to develop a 
hierarchical structure for the factors which are explicit in the given problem and to 
provide judgment about the relative importance of each of these factors, specify a 
performance for each decision alternative with respective to each factor, providing a 
prioritized ranking order of performance for decision alternative. 
The general approache of AHP consist of three stages 
(i) Determine of the self importance (presence) of attributes, 
(ii) Determine of the relative importance of each of the alternatives with respect to 
each attribute, 
(iii) Overall priority weight determination of each of these alternatives. 
The procedure for AHP has been described in the following steps, 
(i) Determine the objective and the evolution factors (setting up hierarchy). To 
begin with, the problem must be structured into a hierarchy. The first level 
denotes the overall goal of the decision maker. The second level consists of 
several different factors that contribute to this goal. 
(ii) Construct a pair wise comparison matrix using a scale of relative importance. 
Assuming factors (i.e. criteria) the pair wise comparison of factors i with 
factor j yields a square matrix AN XN where r,3 = 1 denotes the comparative 
importance of factor i with respect j. In the matrix r j = I where i = j and r;, 
I/ry 
(iii) The 5 x5 matrix is given as follows 
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all a12 a13 a14 a15 
a21 a22 a23 a24 a25 
A15XS = a31 a32 a33 a34 a35 
a41 a42 a43 a44 a45 
a51 a52 a53 a54 a55 
(iv) Find the relative normalized weight (W,) of each factor by using Table 3.10 
provided by Saaty (1999). Calculating the -geometric mean of ith row and 
normalizing the geometric means of rows in the comparison matrix. 
N 	UN 
a) GM = Haj (3.24) 
i=1 
b) W~ = GM' 	 (3.25) 
GM; 
i=1 
(v) 	Calculate matrix A3 and A4 such that 
i. A3 = Al x A2 
ii. A4= A2 x A2 
Where A2 = [W1, W2... WN]T 	 (3.26) 
Find out the maximum Eigen values A which is average of matrix A4. 
(vi) Calculate the Consistency Index (CI) 
CI= ( — N) 
N-1 
(vii) Obtain the Random Index (RI) for the number of factors used in decision 
making. 
(viii) Calculate the consistency ratio (CR) = Cl/RI 
Usually a CR of 0.1 or less is considered as acceptable_ 
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Table 3.10 Saaty's intensities of importance 
Intensity of Definition Explanation 
importance 
1 Equal importance Two activities contribute equally to the 
objective 
3 Weak Importance The judgment is to favor one activity over 
Another, but it is not conclusive 
5 Essential or Strong The judgment is strongly in the favor of one 
Importance activity over another 
7 Demonstration The Conclusive judgment as to the 
importance Important of one activity over another 
9 Absolute The judgment in the favor of one activity 
over another is of the highest possible order 
of affirmation 
2, 4, b, 8 Intermediate values When compromise is needed 
between 	the 	two 
adjacent j4gments 
Combined Multiple Attribute Decision-Malang Method 
The selection of an optimal material for an engineering design from a list of 
available alternative materials on the basis of two or more attributes in multiple 
attribute decision making problems, the Analytic Hierarchy Process, being a simple, 
but powerful decision making tool, is being applied to solve different manufacturing 
problems. Technique for Order Preference by Similarity to the Ideal Solution 
(TOPSIS) method is based on the concept that the chosen alternative should have the 
shortest Euclidean distance from the ideal solution and the farthest from the negative 
ideal solution. TOPSIS thus gives a solution that is not only closest to the hypothetical 
best, which is also the farthest from the hypothetically worst. Lubricant selection 
factors are identified and these are chip-tool interface temperature, cutting force, tool 
wear and surface roughness. Combined multi-attribute decision-making is aimed at 
integrating different measures into a single global lubricant index helps to select right 
lubricant and rank the given lubricant for a steel turning operation. The framework 
that is used in steel turning operation could serve as one of the tools for making a 
strategic decision. 
The selection of right lubricant for a given machining application from 
amongst a large number of lubricants is clearly a decision making process, and 
hence in the present study, the application of analytic hierarchy process 
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combined with TOPSIS is used for lubricant selection based on performance 
(response) of a lubricants. Multiple attribute decision-making refers to an 
approach of problem solving that addresses problems where the selection is 
made from a finite number of alternatives. The AHP combined with TOPSIS is 
applied to select the right lubricant during turning of En-31 steel with tungsten 
carbide inserts under different lubricating condition. Both are used 
concurrently for decision-making. Both TOPSIS and AHP are logical decision-
making approaches and deal with the problem of choosing a solution from a set 
of candidate alternatives which are characterized in terms of some attributes. 
Rao (2008, 2010) suggested TOPSIS is more efficient in dealing with the 
tangible attributes and the number of alternatives to be assessed as compare to 
AHP. However TOPSIS method needs an efficient procedure to determine the 
relative importance of different attributes with respect to the objective, AHP 
provides such a procedure. Hence, to take the benefits of both the efficient 
methods, a combined MADM (TOPSIS and AHP) is developed and used for the 
selection of right lubricant from a list of available lubricants during steel 
turning operation. Lubricant selection factors are considered and these are chip-
tool interface temperature (average cutting temperature), main cutting force 
(thrust force), tool wear and average surface roughness (Ra). The detailed 
procedure for application of combined TOPSIS and AHP is explained below. 
Step 1: 
To determine the objective and the pertinent evaluation attributes. 
Analytic hierarch process is based on the decomposition of the defined decision 
problem to the hierarchy structure. The hierarchy structure is a tree-like 
structure which consists of the main goal at the top of the hierarchy (the first 
level), followed by the criteria and -sub-criteria (also sub-sub criteria) and 
finally by the 'alternatives at the bottom of the hierarchy (the last level), as 
shown in Figure3.11. 
GOAL 
CRITERION 1 	CRITERION 2     	CRITERION n 
ALTERNATIVE 1 I 	ALTERNATIVE 2 _ w_. ALTERNATIVE m 
Figure 3.11 ABP with TOPSIS model with "n" criteria and "m" alternatives 
The goal presents the optimum solution of the decision problem. It can 
be selection of the best alternative among many feasible alternatives. Also, the 
ranking of all alternatives can be performed, by obtaining the priorities. 
Criteria (attributes) are the quantitative or qualitative data (judgments) for 
evaluating the alternatives. 
Step 2: 
This step involves a matrix based on all the information available that 
describes a lubricants attributes, and is called a decision matrix. Each row of 
this matrix is allocated to one alternative, and each column to one attribute. 
Therefore, an element dij of the decision matrix D gives the value of jth 
attribute in original real values that is a non normalized form and units for the 
ith alternative. Thus, if the number of alternatives is M and the number of 
attributes is N, then the decision matrix is an MxN matrix can be represented as 
follows, [D]MXN = A, 
aLl a12 a13 a14 
D 	_ a21 a22 a23 a24 
L 14' 
a31 a32 a33 a34 
a 41 a42 a43 a44 
(3.27) 
Step 3: 





(a) 	Determine the relative importance of different attributes with respect to the 
objective. To do so, one must construct pair-wise comparison matrix using a 
scale of relative importance. The judgments are entered using the fundamental 
scale of the analytic hierarchy process (Satty, 1999) as shown in Table 3.10. 
Assuming N attributes the pair-wise comparison of attribute i with attribute j 
yields a square matrix ANXN, where, aij denotes the comparative importance of 
attribute i with respect to attribute j. If the activity i has one of the above non-
zero numbers assigned to it when compared with activity j, then j has the 
reciprocal value when compared with i. 
Find the relative normalized weight (Wj) of each factor by using the 
Table 3.10 provided by Saaty. 
1. Calculating the geometric mean of ith row (Eq. 3.24). 
2. Normalizing the geometric means of rows in the comparison matrix 
(Eq. 3.25) 
(b) 	Calculate matrix A3 and A4 such that 
A3=A1 * A2 
A4=A3/A2 
Where, A2 = [W1, W2 ... WN]T 
	
(3.29) 
(c) 	Find out the maximum Eigen values A which is average of matrix A4. 




(e) Obtain the Random Index (RI) for the number of factors used in decision 
making. 
(f) Calculate the consistency ratio (CR) = Cl/RI 
Usually a CR of 0.1 or less is considered as acceptable. 
Step 5: 
Obtain the weighted normalized matrix Vij. This is obtained by the 
multiplication of each element of the column of the matrix R;, with its associated 
weight wj. Hence, the elements of the weighted normalized matrix V;j are expressed 
as: 
V1 =w~R;~ 	 (3.31) 
Step 6: 
Obtain the ideal (best) and negative ideal (worst) solutions in this step. The 
ideal (best) and negative ideal (worst) solutions can be expressed as: 
Ci 	 mm 
V }= ~Vl jEJ ,I Vijl jEJ' Ii=1, 2,....M 
s i 
	
V+ =1V ,+, VZ , V3+, ..., I V } 	 (3.32) 
V=EVY1 jEJ , EV 1 jcJ' Ii=1,2.......M 
I. i 	U 
V ={Ti-IVv ,V3 , - --1V;} 	 (3.33) 
Where J = (j = 1, 2... N) I j are associated with beneficial attributes and J' = (j 
= 1, 2... N) I j is associated with non-beneficial attributes. Vj indicates the ideal (best) 
value of the attribute for different alternatives. In case of beneficial attributes (i.e. 
whose higher values are desirable for the given application), Vi indicates the higher 
value of the attribute. In case of non-beneficial attributes (i.e. whose lower values are 
desired for the given application), VJ indicates the lower value of the attribute. V~ 
indicates the negative ideal (worst) value of the attribute for different alternatives. In 
case of beneficial attributes (i.e. whose higher values are desirable for the given 
application), VV indicates the lower value of the attribute. In case of non-beneficial 
63 
attributes (i.e. whose lower values are desired for the given application). Vt indicates 
the higher value of the attribute_ 
Step 7: 
_ Obtain the separation measures. The separation of each alternative from the 
ideal one is given by Euclidean distance by the following equations. 
ks 





(i;. —r )2 	,1=1,2.....,N 	(3.35) 
Step 8: 
The relative closeness of a particular alternative to the ideal solution, Pi, can 
be expressed in this step-as follows. 




A set of alternatives is made in the descending order in this step according to 
the value of P; indicating the most preferred and least preferred feasible solutions; P; 
may also be called as overall or composite performance score of alternative. 
Multi-Performance Optimization Technique 
In this section, the use of Response Surface Method (RSM) with grey 
relational analysis coupled with Principal Component Analysis (PCA) for determining 
the optimal cutting parameters is reported step by step. Optimization of process 
parameters is the key step in response surface methods to achieve high quality without 
cost inflation. Optimization of multiple response characteristics is more complex 
compared to optimization of single performance characteristics. The multi-response 
optimization of the machining parameters viz, chip-tool interface temperature, main 
cutting force, feed force, surface roughness, tool wear and chip thickness in turning of 
En-3I steel using RSM with grey relational analysis is reported. Optimal cutting 
parameters can then be determined by using the grey relational analysis that uses grey 
relational grade as performance index. Moreover, the PCA is applied to evaluate the 
weighting values corresponding to various performance characteristics so that their 
relative importance can be properly and objectively described. Results of the dry, 
flooded coolant and MQL cutting experiments are studied by using the grey relational 
grade and ANOVA analysis. Chip-tool interface temperature, main cutting force, feed 
force, surface roughness, tool wear and chip thickness is important characteristics in 
turning operations. Using these characteristics, the cutting operations, including 
cutting velocity, feed rate, depth of cut, effective tool nose radius and lubricant 
concentrations (solid-liquid) are optimized in this study. In addition, a model was 
developed to correlate the multiple performance characteristic called as grey relational 
grade and turning parameters. Thus, a new combination of RSM and grey relational 
analysis is proposed. Optimal parameter setting was determined for the multi-
performance characteristic. Experimental results have been improved through this 
new approach. 
In recent years, Deng (1989) proposed application of the principles of grey 
relational analysis. Grey relational analysis is a method of measuring degree of 
approximation among sequences according to the grey relational grade. The theories 
of grey relational analysis have already attracted interest of researchers. In the grey 
relational analysis, the measured values of the experimental results of chip-tool 
interface temperature, main cutting force, feed force surface roughness, tool wear and 
chip thickness under all machining conditions were first normalized in the range 
between zero and one, which is also called grey relational generation. Next, the grey 
relational coefficients were calculated from the normalized experimental results to 
express the relationship between the desired and actual experimental results. After 
that the weighting factors of each performance characteristic were calculated by 
principal component analysis technique. A weighting method was used to. integrate 
the grey relational coefficients of each experiment into the grey relational grade. The 
grey relational grade corresponding to each performance characteristic is to be 
computed and the overall evaluation of the multi-performance characteristic is based 
on the grey relational grade. Basically, the larger the grey relational grade, the better 
are the multi-performance characteristics. As a result, optimization of the complicated 
multiple performance characteristics can be converted into optimization of a single 
grey relational grade. The optimal level of the process parameters is the level with 
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highest grey relational grade. Further, a statistical student's t-test was performed to 
identify the statistically significant parameters. 
In addition, empirical model was developed for grey relational grade. This 
response surface model for the grey relational grade was fiirther used to understand 
the relationship between the machining parameters and the multiple characteristic 
grey relation grades during steel turning process under all machining environments. 
Using MINITAB software, the ANOVA was performed to determine the machining 
parameters that significantly affect the multi-performance characteristics. Finally, a 
confirmation experiment was conducted to confirm the optimum levels of the 
machining parameters identified by the optimization method. 
Based on the above discussion, the use of the factorial design with grey 
relational analysis to optimize the turning parameters with multiple performance 
characteristics includes the following steps as suggested by Lue et al. 2008 and 
Arshad et al. 2010. 
a. Normalize the experimental results of chip-tool interface temperature, main 
cutting force, feed force, surface roughness, tool wear rate and chip thickness. 
b. Perform the grey relational generating and calculate the corresponding grey 
relational coefficient. 
c. Calculate the corresponding weighting values for the corresponding 
performance characteristics by principal component analysis. 
d. Calculate the grey relational grades. 
e. Analyze the experimental results using the grey relational grade and statistical 
analysis of variance (ANOVA). 
£ 	Select the optimal levels of turning parameters. 
g. 	Verify the optimal turning parameters through the confirmation experiment. 
Data pre-processing is normally required since the range and unit in one data 
sequence may differ the others. Data pre-processing is also necessary when the 
sequence scatter range is too large, or when the directions of the target in the 
sequences are different. Data pre-processing is a means of transferring the original 
sequence to a comparable sequence. Depending on the characteristics of a data 
sequence, there are various methodologies of Data pre-processing available for the 
gray relational analysis. 
If the target value of original sequence is infinite, then it has a characteristic of 
the "higher is better". The original sequence can be normalized as follows: 
• k — x10(k)— minxi°(k) 	 (3.37) 
max xi°(k)—minxi°(k) 
When the "lower is better" is a characteristic of the original sequence, then the 
original sequence should be normalized as follows: 
• _ maxxx°(k)—xi°(k) 
X ' ~k~ max x;° (k) — min xr° (k) 
(3.38) 
However, if there is a definite target value (desired value) to be 
achieved, the original sequence will be normalized in from: 
X,0(k) =1— max xk) — x° 	
(3.39)
— x° ° (k)  
Or, the original sequence can be simply normalized by the most basic 
methodology, i.e. let the value of original sequence to be divided by the first value of 
the sequence 
• x° (k) 
(3.40) 
Where i = 1... m; k = 1... n. m is the number of experimental data items and n 
is the number of parameters. x;° (k) denotes the original sequence, x;*(k) the sequence 
after the data pre-processing, max x ° (k) the largest value of x; °(k), min x ° (k) the 
smallest value of x10 (k) and x is the desired value. 
In gray relational analysis, the measure of the relevancy between two systems 
or two sequences is defined as the gray relational grade. When only one sequence, x° 
(k), is available as the reference sequence, and all other sequence service as 
comparison sequence, it is called a local gray relation measurement. After data pre-
processing is carried out, the gray relation coefficient ; (k) for the kth performance 
characteristics in the ith experiment can be expressed as, 
`(k) doi(k)+CAmax 	 (3.41)  
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,.\_ (k) _ Ixo*(k) — xj*(k) I, 
A 1 = 1.00, A,,,n, = 0.00 . 
Where, 	(k) is the deviation sequence of the reference sequence xQ*(k) and 
the comparability sequence xi*(k). 
xo`(k) denotes the reference sequence and x1*(k) denotes the comparability 
sequence. is distinguishing or identification coefficient which is defined in the range 
0 S 4 C 1. 4 is set as 0.5 in this study. The purpose of defining this coefficient is to 
show the relational degree between the reference sequence .xn`(k) and the 
comparability sequences xi*(k). 
A weighting method is then used to integrate the grey relational coefficients of 
each experiment into the grey relational grade. The overall evaluation of the multiple-
performance characteristics is based on the grey relational grade. 
After the grey relational coefficient is derived, it is usual to take the average 
value of the grey relational coefficients as the grey relational grade (Deng, 1989). The 





However, in a real engineering system, the importance of various factors to the 
system varies. In the real condition of unequal weight being carried by the various 
factors, the grey relational grade in Eq.3.42 was extended and defined as (Lu et al. 
2008, Arshad et al. 2010) 
i n  
Ti= —EWk (k) 
n k=1 
(3,43) 
Where, wk denotes the normalized weight of factor k for the performance 
characteristic and n is the number of performance characteristics. In this study, the 
corresponding weighting values are obtained from the principal component analysis. 
The grey relational grade y; represents the level of correlation between the reference 
sequence and the comparability sequence. If the two sequences are identical, then the 
value of grey relational grade is equal to 1. The grey relational grade also indicates the 
degree of influence that the comparability sequence could exert over the reference 
sequence, and then the grey relational grade for that comparability sequence and 
reference sequence will be higher than other grey relational grades. 
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Principal component analysis was developed by Pearson (1901). This 
approach explains the structure of variance-covariance by way of the linear 
combinations of each quality characteristic. The procedure is described as follows: 
i. The original multiple quality characteristic array x; (f), i =1, 2, 3,.....,m, j = 1, 
2,3, 4,...n, 	- 
(3.44) 
xi(1) 	x2(2) ... xi(n) 
X2(1) X2(2) ... x2(n) 
x 
xm(1) 	xm(2) ... 	xm(n) 
Where, m is the number of experiment and n is the number of the quality 
characteristic. In this work, x is the grey relational coefficient of each quality 
characteristic. 
ii. Correlation coefficient array is evaluated as follows: 
Ri= (Coy (xi(j),x1(')Ia(,)0)x6cx)(0) 	 (3.45) 
J=1,2,3...n,I=1,2,3...,n 
Where Coy (x,(j), x;(1) is the covariance of sequences x1(j) and x;(l), a,j (j) is 
the standard deviation of sequence x1(j) and axi(1) is the standard deviation of 
sequence x;(1) 
iii. Determine the Eigen values and Eigen vectors: 
The Eigen values and Eigen vectors are determined from the correlation 
coefficient array, 
(R — A Im)Vjk = 0 	 (3.46) 
n 
Where Xk = Eigen values and I Ak = n, k =1, 2...... n, 
k=l 
V;k = [ak, ak2 a ,----ak. ],T is the Eigen vectors corresponding to the Eigen value 
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iv. Principal components 
The uncorrelated principal component is formulated as: 
il 
Ymk = Zxm (i).Vjk 	 (3.47) 
Where Yml is called the first principal component, Ym2 is called the 
second principal component and so on. The principal components are aligned in 
descending order with respect to variance, and therefore, the first principal component 
Yin1 accounts for most variance in the data. 
The grey relational coefficients of chip-tool interface temperature, main 
cutting force, feed force, surface roughness, tool wear and chip thickness which are 
determined by using equation (3.39), (3.40 and (3.41) for all machining conditions 
(dry, flood coolant and MQL). The overall evaluation of the multiple performance 
characteristics is based on the grey relational grade. The grey relational grade is a 
weighting sum of the grey relational coefficients. A weighting method was used to 
integrate the grey relational coefficients of each experiment into the grey relational 
grade. Principal component analysis was used to determine the corresponding 
weighting values for each performance characteristic to reflect its relative importance 
in the grey relational analysis. The grey relational coefficient of each performance 
characteristic data was used to evaluate the correlation coefficient matrix and to 
determine the corresponding Eigen values from equation (3.46). The square of the 
Eigen value matrix represents the contribution of the respective performance 
characteristic to the principal component. To understand the relationship between the 
machining parameters and the multiple characteristic grey relation grades, a model 
has been developed using response surface methodology as discussed in section 3.8. 
The model is as below: 
k 
YGRO = b0 + I bixiu +IbjiXiu2 + 	bijxiuxju 	 (3.48) 
i=1 	i=1 	i<j 
where, YGRG is the grey relational grade considered as multiple performance response. 
Further, the coefficients and constants are denoted by their usual notations as 
mentioned and explained in section 3.8. 
CHAPTER -4 
ANALYSIS OF RESULTS 
AND DISCUSSIONS 
CHAPTER 4 
ANALYSIS OF RESULTS AND DISCUSSIONS 
4 A. Graphical Analysis 
4.1. Calibration of tool-work thermocouple 
The purpose of calibrating the tool-work thermocouple is to develop a 
thermoelectric relationship between the cutting tool material and the work piece 
material. In the present work, the calibration of the tool-work thermocouple was 
carried out by external flame heating (as shown in Figure 3.6 in chapter 3). In 
experimental set up the tool-work thermocouple junction was constructed using a long 
continuous chip of the work-material and a tungsten carbide inserts to be used in 
actual cutting clamped to the copper plate. A standard Alumel-chromel thermocouple 
(range -200 to 1350°c) is mounted at the site of tool-work (junction of chip and insert) 
junction. The oxyacetylene torch heated the copper plate and it simulated the thermal 
performance phenomena in machining and raised the temperature at the chip-tool 
interface. Standard thermocouples directly monitored the junction temperature 
(Aumel-chromel thermocouple), when the emf generated by the hot junction of the 
chip-tool was monitored by a digital milivolt meter. Figure 4.1 shows the calibration 
curve obtained for the tool-work pair with tungsten carbide (Widia) as the tool 
material and En-31 steel as the work material. In the present case, almost linear 
relationship is obtained between the temperature and emf. A multiple correlation 
coefficient of 0.998 was obtained. The following regression equation was obtained for 
temperature. 
Toe =10.28* emf 	 (4.1) 
500 
Tool material -Tungstan carbide tool. 
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Figure 4.1 Tool-work thermocouple calibration curve 
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4.2. Results of pilot experiments 
In SAE-40 base oil, the graphite, MoS2 and boric acid powder of varying 
percentage (by weight) is mixed and the mixture is used as a lubricant. Minimum 
quantity of lubrication without forming foam is used. The following observations 
were recorded under pilot experiments. At a cutting speed of 112 mlmin, feed rate 
0.10 mm/rev, depth of cut 0.4 mm, tool nose radius 0.8 mm with effect of different 
concentration of solid-liquid lubricant on the cutting force for the machining of En-
31 steel are plotted as shown in Figure 4.2. It has been observed from Figure 4.2 that 
the cutting force decreases as the concentrations of solid-liquid lubricants increase 
from 1% to 10% of graphite powder with SAE-40 base oil. After that there is no 
substantial reduction of the cutting force even if the concentration of solid-liquid 
lubricant has been increased from 10% to 23%. 10% and 20% of solid lubricant with 
SAE-40 base oil demonstrated a stable cutting force occurred during machining. The 
same is the trend for molybdenum disulphide and boric acid assisted machining also. 
It can be concluded that the concentration of 10 to 20% solid-liquid lubricant + SAE-
40 base oil is sufficient to provide the required lubrication. From the multi-
performance optimization presented in section 4.21, it is concluded that 10% solid 
lubricant mixed with SAE-40 base oil (MQL) gives optimum machinability indices. 
So, in further studies 10% solid lubricant mixed with SAE-40 base oil is used as 
minimum quantity lubricant. 
245  
220 —+—Graphite + 
SAE-40 base 
I. 
	 oil 195 
	 Mo52+SAE- 40 base oil 
170 
(Boric acid + 
SAE-40 base 
145 	 oil 
0 2 4 6 8 10 12 14 16 18 20 22 
% of Concentration (by weight) 
Figure 4.2 Variation of cutting force with MQL lubricants 
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4.3. Effect of MQL (solid-liquid lubricants) on chip-tool interface 
temperature 
The cutting temperature is measured using tool work thermocouple designed, 
fabricated and calibrated by the author as shown in Figure 3.5. The major part of the 
work regarding temperature in metal cutting has been focused on the chip-tool 
interface temperature, because the wear of cutting tool, tool life and quality of work 
surface (surface finish) etc is sensitive to the cutting temperature in metal cutting 
zone. Figures (4.3 and 4.4) show the effect of cutting speed and feed on average chip-
tool interface temperature. It is clear from the figures that with the increase in cutting 
speed and feed rate, average chip-tool interface temperature increases as usual due to 
increase in cutting energy input. Higher chip-tool interface temperatures were 
generated under dry machining. The roles of variation of process parameters on 
reduction of chip-tool interface temperature due to minimum quantity lubricant are 
not been uniform. This may be attributed to variation in the chip forms_ Particularly 
chip-tool contact length for a given tool widely varies with the mechanical properties 
and behavior of the job material under cutting conditions. However, it is also seen 
that the temperature of chip-tool interface is less in case of minimum quantity 
lubricant (10% graphite + SAE- 40 base oil, 10% MoS2 + SAE-40 base oil and 10% 
boric acid +SAE-40 base oil by weight) assisted machining as compared to dry and 
flooded lubricant for all cutting conditions. This is because of the combined effect of 
solid lubricant and SAE-40 base oil. 10% solid lubricant in SAE-40 base oil 
performed well in improving the process. Minimum quantity of lubrication of 10% 
boric acid mixed with SAE-40 oil assisted machining presents a strong cooling effect 
on chip-tool interface as compared to the dry machining and flooded lubricant 
machining. The performance of (solid-liquid) lubricant techniques (10% boric acid + 
SAE-40 base oil, 10% MoS2 + SAE-40 base oil & 10% graphite powder + SAE-40 
base oil) is inherent in their layer lattice structure that allows it to act as an effective 
solid lubricant film. This lubricant film reduces the coefficient of friction between 
chip-tool and tool work-piece interface during steel turning operation. This has been 
confirmed by calculating the coefficient of friction as discussed in section 4.16. The 
lubricating action of the minimum quantity, (solid-liquid) lubricants reduces the 
frictional forces between chip and tool interface and the tool and work-piece. Hence 
temperatures developed in case of minimum quantity lubricants are reduced compared 
to dry and flooded conditions. The lubricating film formation on the surface of the 
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work piece and the lubricating action significantly depend on temperature developed 
in the metal cutting process. Variation of the chip-tool interface temperature in metal 
cutting presented is only for the selected cutting conditions and tool work 
combination as well as tool geometry. The friction coefficient is determined to 
ascertain whether the efficient behavior of turning with 10% boric acid + SAE-40 oil 
mixture was due to efficient lubrication of chip-tool interface or cooling action. Even 
using in the present study the turning operation is oblique. But it is assumed to be 
orthogonal; this assumption is valid because this is a comparative study only. Under 
similar conditions the friction coefficients were compared for turning dry, with flood 
cooling and solid-liquid MQL. 
The effectiveness of the solid lubricants (10% in SAE-40 oil) was found to 
decrease with increase in feed rate also because of more intimate chip-tool contact, 
but still more effective as compared to dry and flooded lubrication conditions. With 
the increase in feed rate, the chip-tool contact length generally increases but the close 
curvature of the grooves parallel and close to the cutting edges of the insert reduce the 
chip tool contact length. This has been confirmed and presented in section 4.9 and 
4.11. This possibly helps in reducing the chip-tool interface temperature further. An 
accurate analysis of the lubricant characteristics must consider two main facts: firstly 
the ability to dissipate heat and secondly the ability to reduce friction and 
consequently heat generated. A combination of these two effects will lead to the 
ability to reduce chip-tool interface temperature during machining of steel as shown in 
Figure (4.3- 4.4). 
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Figure 4.3 Variation of chip-tool interface temperature with cutting speed (feed 
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Figure 4.4. Variation of chip-tool interface temperature with feed rate (cutting 
speed 112mlmin, depth of cut 0.4mm and tool nose radius 0.8mm) 
From the experiments, it is observed that the minimum quantity of lubricant 
technique enabled reduction of the average chip-tool interface temperature during 
metal cutting at all cutting speeds, feed rate and depth of cut as well as tool nose 
radius as shown in Figure (4.3- 4.6). Figure 4.5 clearly reveals the tendency of 
temperature as a function of depth of cut. When the depth of cut increases from 0.2 
mm to 0.6 mm, there is a tendency. of the contact length to grow (as discussed in 
section 4.11), this may account for the increase in temperature on the rake face (chip-
tool interface). Additionally, because of the increase in the cross section of the uncut 
chip thickness, a significant temperature increase as a whole is to be expected, 
together with a proportional increase in cutting forces. Again chip—tool interface 
temperature decreases with the application of the minimum quantity lubrication 
(solid-liquid) as compared to the flood coolant condition and dry machining as is seen 
from the Figure 4.5. Minimum quantity lubricant assisted machining produced low 
chip-tool interface temperature values as compared to the flood coolant machining 
and dry machining. Because solid-liquid lubricant can reduce the contact frictions of 
chip-tool interface with high efficiency lubricating action, and then reducing the chip-
tool interface temperature. Even such apparently small reduction in the chip-tool 
interface temperature is expected to have some favorable influence on other 
machinability indices. From Figure 4.3-4.6 one can conclude that the chip-tool 
interface temperature increases with speed, feed rate and depth of cut, and decreases 
with increase of tool nose radius, as is expected under all lubricating conditions. Dry 
cutting gives highest chip-tool interface temperatures followed by flooded and solid- 
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liquid lubricant machining. Minimum quantity lubrication with 10% boric acid mixed 
with SAE-40 base oil gives the best results, it gives least chip-tool interface 
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Figure 4.5. Variation of chip-tool interface temperature with depth of cut 
(cutting speed 112m/min, feed rate 0.10 mm/rev and tool nose radius 0.8mm) 
Figure 4.6 shows the effect of tool nose radius on the chip-tool interface 
temperature with different cooling conditions. For nose radius of 0.4mm, the 
measured temperature under all cooling conditions is higher than the nose radius of 
0.8mm and 1.2mm as shown in Figure 4.6. It represents a decrease in chip-tool 
interface temperature while machining with higher tool nose radius. During 
machining using a tool with small tool nose radius, the area of contact available for 
conduction of heat between the tool and workpiece is small compared with that with a 
higher tool nose radius. Hence, the reduction of heat conduction area promotes local 
temperature rise along the cutting edge. Earlier investigation of the effect of tool nose 
radius on the surface residual stresses induced during hard turning showed that 
increasing the tool nose radius results in lower values of tensile residual stresses when 
using sharp tool (Kishaway, 2002). These results agree with the current findings since 
tensile residual stresses induced during machining are temperature related. Again the 
chip—tool interface temperature decreases with the application of the minimum 
quantity lubrication (solid-liquid) as compared to the flood coolant condition and dry 
machining as is seen from the Figure 4.6. From Figure 4.6 it is clearly indicates that 
10% boric acid mixed with SAE-40 base oil (MQL) is very much effective for 
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controlling the chip-tool interface temperature during steel turning operation, It 
appears that a combination of low cutting speed, low feed rate, low depth of cut, high 
tool nose radius gives lowest chip-tool interface temperature with the mixture of 
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Figure 4.6. Variation of chip-tool interface temperature with tool nose radius 
(cutting speed 112m/min, feed rate 0.10 mm/rev and depth of cut 0.4mm) 
The highest chip-tool interface temperatures are in dry machining, followed by 
flooded lubricant machining and then the minimum quantity lubricant (solid-liquid) as 
shown in Fig.4.7. It shows that the small amount of solid-liquid mixture of minimum 
quantity lubricant (10% boric acid + SAE40 oil, 10% MoS2 + SAE-40 oil and 10% 
graphite + SAE-40 oil) presents a strong cooling effect as compared to dry and 
flooded lubricant machining. The net percentage decrease in the chip-tool interface 
temperature value is also dependent upon the type of minimum quantity lubrication. 
So there is decrease of chip-tool interface temperature values approximately from 
18% to 20.48% due to flood, 23% with 10% graphite + SAE-40 oil, 28% with 10% 
MoS2 + SAE-40 oil and 31% with 10% boric acid + SAE-40 base oil. 
77 
Figure 4.7. Chip-tool interface temperature under different cooling and 
lubricating conditions (cutting speed 112m/min, feed rate 0.10mm/rev, depth of 
cut 0.4mm and tool nose radius 0.8mm) 
4.4. Effect of MQL (solid-liquid lubricants) on cutting force (N) 
Figure 4.8 (a, b) and Figure 4.8 (c, d) show the variation of main cutting force 
and feed force with speed and feed rate for different lubricating conditions. The 
experimental results show that the cutting force is low at high cutting speed and 
comparatively high at low cutting speed_ The reason for drop of cutting force with 
increase of cutting speed is due to the decrease in chip thickness. This means, at 
higher speed, thinner chips are produced this has been confirmed and reported in 
section 4.7. The results indicate that there is a decrease cutting force in MQL 
machining as compared to dry and flooded coolant machining. The lubricant 
effectiveness in minimizing the frictional affects at the tool and work-piece interface 
in case of minimum quantity of lubrication assisted machining is evident from the 
reduced cutting forces as compared to dry and flood lubricant cutting. Under dry 
cutting the effect of cutting speed on main cutting force is negligible as compared to 
flood and MQL machining. It can be observed from the results that lubricating action 
of solid-liquid lubricant is more effective as compared to dry and flooded lubricant 
machining. Hence, when properly aligned with substrate, solid-liquid lubricant will 
exhibit minimal friction and provide effective separation between work piece and tool 
surfaces. The magnitude and pattern of the cutting forces is one of the most important 
machiniability indices because that plays vital roles on power and specific energy 
consumption, product quality, productivity and life of the salient numbers of machine- 
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fixture tool systems. It is evident from Figure 4.8 (a, b) and Figure 4.8 (c, d) that 
cutting forces and feed forces are decreased appreciably due to application of MQL 
more or less at all the cutting speed-feed combinations. This improvement can be 
reasonably attributed to the favorable tool-chip interaction and reduction of the 
cutting temperature particularly near the main cutting edge where seizure of chips and 
formation or tendency of formation of built-up edge is more predominant. 
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Figure 4.8d. Variation of feed force with feed rate (depth of cut 0.4mm, nose 
radius 0.8mm and cutting speed 112m/min) 
Figure 4.9 (a, b) and Figure 4.9 (c, d) show the effect of depth of cut and tool 
nose radius on the cutting force and feed force under different lubricating conditions. 
The experimental results reveal that cutting force is low at low depth of cut and 
comparatively higher at higher depth of cut in all lubricating environments. The 
greater the depth of cut larger the cross-sectional area of the uncut chip and the 
volume of the deformed metal, consequently greater is the resistance of the material to 
chip formation and larger is the cutting force and feed force. 
The experimental results reveal that the cutting forces and feed forces are low 
at low nose radius and comparatively high at high nose radius as shown in Figure 4.9 
(c, d) under all lubricating conditions. During machining with a tool that has a large 
E.1t7 
tool nose radius, a large part of the chip will have a chip thickness less than the 
minimum chip thickness value. In addition, increasing the nose radius has direct effect 
on main cutting force, leading to a significant increase in the ploughing effect in the 
machining zone. Increasing the ploughing effect leads to more material side flow on 
the machined surface. The smaller tool nose radius gives larger uncut chip thickness, 
thus greater shear plane heat source. An increase in tool nose radius increases 
deformation and hence larger cutting force and feed force as shown in Figure 4.9 (c, 
d). Again cutting force and feed force decreases with the application of the minimum 
quantity lubrication (solid-liquid) as compared to the flood coolant condition and dry 
machining. From Figure 4.9 (a, b, c and d) it is clearly indicates that 10% boric acid 
mixed with SAE-40 base oil (MQL) is very much effective for minimizing the main 
cutting force and feed force as compared to 10% graphite + SAE-40 oil, 10% MoS2 + 
SAE-40 oil, dry and flooded lubricant machining during steel turning operation. A 
combination of high cutting speed, low feed rate, low depth of cut, small tool nose 
radius gives lowest cutting forces when MQL technique is used with a mixture of 
10% boric acid+ SAE-40 base oil lubricant. 
300 
275 
Z 	 +Dry condition 
I' 
250 
225 	 — 	 ——Flooded 
condition 
200 	 —'ik 10%Graphite 
• 
+ SAE40 oil 
175 10%MoS2+ 
150 	 SAE40 oil Ri t10%Boric acid 
125 	 + SAE40 oil 
100 ,---  
0 	0.2 	0.4 	0.6 	0.8 
Depth of cut (mm) 
Figure 4.9a Variation of cutting force with dept of cut (cutting speed 112m/min, 
feed rate 0.10 mm/rev and tool nose radius 0.8mm) 
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Figure 4.1 Oa shows the variation of cutting force with different cooling 
conditions, with cutting speed 112 m/min, feed rate 0.10 mm/rev, depth of cut 0.4mm 
and nose radius 0..8 mm, where the cutting force reduces approximately from 6% to 
9% due to flood, 12% due to 10% graphite + SAE-40 oil, 23% due to 10% MoS2 + 
SAE-40 oil and 48.23% due to 10% boric acid + SAE-40 base oil. Figure 8a clearly 
shows that 10% boric acid + SAE-40 base oil is more effective for minizing the 
cutting force as compared to other lubricant conditions during turning operation. 
Figure 4.10a Main cutting force for different cooling and lubricating conditions 
(cutting speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and tool 
nose radius 0.8mm) 
Similarly Figure 4.1 Ob shows the variation of feed force with different cooling 
conditions, when cutting speed 112 m/min, feed rate 0.10 mm/rev, depth of cut 0.4 
mm and nose radius 0.8 mm, where the cutting force reduces approximately from 4% 
to 6% due to flood, 16.92% due to 10% graphite + SAE-40 oil, 33.07% due to 10% 
MoS2 + SAE-40 oil and 49.89% due to 10% boric acid + SAE-40 base oil. Again 
Figure 4b clearly reveals that 10% boric acid + SAE-40 base oil is more effective in 
reducing the feed force as compared to other lubricating conditions during turning 
operation. 
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Figure 4.10b. Feed force for different cooling and lubricating conditions (cutting 
speed 112minxin, feed rate 0.10mmlrev, depth of cut 0.4mm and tool nose radius 
0.8mm) 
4.5. Effect of MQL (solid-liquid lubricant) on surface roughness 
Surface roughness generally plays an important role as it influences, the 
fatigue strength, wear rate, coefficient of friction and corrosion resistance of the 
machined components. Surface quality is affected by many interrelated parameters 
during the metal cutting process. The tool wear during steel turning will also affect 
the surface quality to a greater extent. And again the tool wear is dependent upon the 
cutting conditions and tool geometry, properties of the work piece and tool material, 
and the lubricating conditions. The quality of surface generated in any machining 
process depends on the machining conditions. Thus, a systematic analysis of process 
parameters is made to find out their influence on process outputs which have direct 
impact on the process quality. In order to study the effect of minimum quantity 
lubricants on the surface quality experiments were conducted to see their effect under 
different cutting conditions. 
The variation of surface roughness with cutting speed for dry condition, 
flooded condition and minimum quantity of lubricants (solid-liquid) assisted turning 
is shown in Figure 4.11. It can be observed from Figure 4.11 that in general surface 
roughness decreases with increase of cutting speed. This could be due to smaller 
cutting forces at high speeds as reported in Figure 4.8a and 4.8b. The reason for drop 
of cutting forces with increase of cutting speed is due to decrease in chip thickness, as 
thinner chips are produced at higher cutting speeds as shown in Figure 4.21, as 
demonstrated in section 4.7. At higher cutting speed the temperature is higher which 
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makes the material soft at cutting zone. This helps in removing the material at lower 
cutting forces. As the cutting speed increases, the chip-tool contact length also 
decreases as shown in Figure 4.33 (a, b), as given in section 4.11 and thereby there is 
drop in the cutting forces. The possible reason behind this phenomenon is that the 
average coefficient of friction at the tool face decreases with decreasing contact length 
indicating that the friction force decreases more steeply than the force normal to the 
tool face this has been demonstrated in section 4.11. As cutting speed increases the 
chips are thinner and shear angle increases thus decreasing chip reduction coefficient 
and chip strains (section 4.16). That means the plastic deformation of metal takes 
place with less strain because of greater shear angle as shown in Figure 4.32 (a, b) 
(section 4.10). So the force and power consumption are low. At higher cutting speeds, 
BUE formation disappears and chip-tool contact length decreases resulting in the 
reduction of cutting force and improvement in surface finish of the workpiece. 
Minimum quantity of lubrication of 10% boric acid mixed with SAE-40 base oil 
assisted machining produced lower values of surface roughness compared to the dry 
machining and flooded cutting. Among the five different lubricants assisted 
machining 10% boric acid + SAE-40 base oil turning shows better results as 
compared to 10% MoS2+ SAE-40 base oil, 10% graphite powder + SAE-40 base oil, 
dry and flooded cutting. The performance of minimum quantity lubricant techniques 
(10% boric acid + SAE-40 base oil, 10% MoS2 +SAE-40 base oil & 10% graphite 
power +SAE-40 base oil) is due to its lattice layer structure that allows it to act as 
effective lubricant film (Edemir, 2008, Shaji et al. 2002). The automatic structure 
consists of layers of atoms or molecules, and the structure is called "layer-lattice" 
structure (Edemir, 1994). The substantial reduction of surface roughness by 10% 
boric acid mixed with SAE-40 base oil, MoS2 and graphite powder mixed with SAE-
40 base oil assisted machining can be attributed to the formation of thin film of 
lubrication. Under high cutting temperature, the solid lubricant may melt, creating 
thin lubricating film on the face of the tool. The lubricating action of the solid 
lubricants reduces the frictional force at the tool, workpiece and chip interface. This 
decreases the temperature at the cutting zone and results in the lesser tool wear, thus 
resulting in surface quality improvement. The lubricant effectiveness in minimizing 
the frictional affects at the tool and work piece interaction in case of MQL assisted 
machining is evident from the reduced cutting forces compared to dry and flooded 
machining (Figure 4.1Oa-4.lOb). The lower values of surface roughness produced by 
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10% boric acid + SAE-40 oil can be attributed to its strong adhesion as compared to 
the 10% MoS2 powder + SAE-40 base oil, 10% graphite powder +SAFs40 base oil. 
This observation agrees well with results reported by previous researchers (Shaji et al. 
2002, Brinksmeier et al. 1999 and Edemir, 1991). They investigated graphite as a 
lubricating medium to reduce the heat generated in the grinding zone in surface 
grinding. 
14 
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Figure 4.11. Variation of surface roughness with cutting speed (feed rate 
0.10mm/rev, depth of cut 0.4mm and nose radius 0.8mm) 
Feed rate is another major factor that has a direct impact on surface roughness 
(Beauchamp et al. 1997). Surface roughness is directly proportional to the feed rate. 
The feed rate produces effective results when combined with a larger nose radius, 
higher cutting speed and a moderate depth of cut (Shaw, 1989). 
Figure 4.12 shows the variation of surface roughness with the feed rate under 
different machining environments. Surface roughness value is approximately constant 
up to 0.06 mm/rev. and after this, it starts increasing with increase of the feed rate. 
This is due to the fact that more material has to be removed per revolution, for which 
more energy is required, which ultimately increases the cutting forces and 
temperatures leading to higher wear of the cutting tool (Choudhury et al. 2003), 
which might have resulted in the increase of surface roughness. Increased feed rate 
results in a remarkable increase in the contact length as shown in Figure 4.33 (a, b), 
(section 4.11), which in turn increases the cutting force and tool wear. Moreover rise 
in cutting zone temperature due to increase in cutting speed contributes towards the 
softening of cutting edge of the tool, i.e_ tool wear, which might have resulted in the 
increase of surface roughness. The theoretical surface roughness value Ra = f 132.r is 
mainly function of feed rate and nose radius (Shaw, 1989). The greater the feed rate 
larger cross — sectional area of the uncut chip, the greater the volume of the deformed 
metal and consequently greater is the resistance of the material to chip formation and 
larger the cutting forces. However, surface roughness produced by the minimum 
quantity lubricants is again lower than that of dry and flooded turning process. This 
shows that application of solid-liquid lubricant in minimum quantity form has a 
positive effect in improving the surface finish. At dry and flooded machining 
conditions, there was significant increase in surface roughness as the feed rate was 
increased. 
14 






SAE40o il  
—is -10%Boric acid 
+ 5AE40 oil 
8 
0 	0.05 	0.1 	0.15 	0.2 
Feed rate (mm/rev) 
Figure 4.12. Variation of surface roughness with feed rate (cutting speed 
112m/min, depth of cut 0.4mm and nose radius 0.8mm) 
The variation of surface roughness with the depth of cut is shown in the Figure 
4.13. Surface roughness is lower at 0.2 mm_ After this, it starts increasing with the 
increasing depth of cut. Combining a low depth of cut with a higher cutting speed 
prevents the formation of a built-up edge, during metal cutting process thereby aiding 
the process by yielding a better surface finish (Kalpakjain, 1997). Low depth of cut 
should be used in order to reduce the tendency to chatter. The depth of cut has little 
direct influence on the surface roughness, however, with increase in depth of cut 
chatter may result causing degradation of the turned surface_ Therefore, if the tool 
work system is not very rigid, such as in cutting slender parts, very fine depth of cut 
should be employed to avoid chatter. When the depth of cut increases from 0.2 to 0.6 
mm, there is a tendency on the contact length to grow as shown in Figure 4.33(a, b), 
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this may account for the increase in temperature on the rake face (chip-tool interface) 
as shown in Figure (4.3- 4.6). Additionally, because of the increase on the cross 
section of the uncut chip thickness, and also on material removal rate, a significant 
temperature increase, as a whole is to be expected, together with a proportional 
increase in forces. Thus increases tool wear and ultimately increase the surface 
roughness. However, surface roughness produced by minimum quantity lubricants is 
again lower than that of dry and flooded turning process. 
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Figure 4.13. Variation of surface roughness with depth of cut (cutting 
speed 1.12m/min feed rate 0.10mm/rev and nose radius 0.8mm) 
The variation of the surface roughness with respect to the tool nose radius can 
be seen from the Figure 4.14. Surface roughness value decreases with the increase of 
the nose radius. Nose radius is a major factor that affects surface roughness. A larger 
nose radius produces a smoother surface at lower feed rates and higher cutting speeds. 
However a larger nose radius reduces damping at higher cutting speeds, thereby 
contributing to a rougher surface. During cutting with a tool that has a large nose 
radius, a large part of the chip will have a chip thickness less than the minimum chip 
thickness value. In addition increasing the nose radius has a direct effect on cutting 
forces, leading to a significant increase in the ploughing effect in the cutting zone. 
Increase in ploughing effect leads to more material side flow on the machined surface_ 
The surface finish generally degrades with cutting time due to tool wear development. 
Large nose radius tools have, along the whole cutting period, slightly better surface 
finish than small nose radius tools. Hence the judicious selection of nose radii in 
combination with suitable effective feed rate, higher cutting speed, and lower depth of 
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cut and smaller cutting edge angle should be used to produce the better surface finish. 
The effect of lubricants can also be observed from Figure 4.14, which clearly 
indicates that the minimum quantity lubricants (solid-liquid) are very much effective 
in producing good quality of turned parts. 
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Figure 4.14. Variation of surface roughness with tool nose radius (cutting 
speed 1.12nmlmin feed rate 0,10mmlrev and depth of cut 0.4mm) 
From the above mentioned results it can be inferred that surface quality is 
better controlled by the minimum quantity lubricants (10% boric acid + SAE-40 base 
oil, 10% MoS2 + SAE-40 base oil and 10% graphite + SAE-40 base oil) in addition to 
the cutting conditions and the tool geometry parameters of the metal cutting process. 
The net percentage decrease in the surface roughness value is also dependent upon the 
type of minimum quantity of lubrication as shown in Figure 4.15. So there is decrease 
of surface roughness values approximately from 4 to 8% due to flood machining, 10 
to 12% with 10% graphite + SAE-40 base oil, 14 to 17% due to 10% MoS2 + SAE-40 
base oil and 26% due to 10% boric acid mixed with SAE-40 base oil. The decrease in 
the surface roughness due to solid lubricants can be attributed to inherent lubricating 
properties of the boric acid, MoS2 and graphite powder even at high temperatures. 
This is due to the layered lattice structure of these lubricants. The lubricating action of 
the minimum quantity lubricants reduces the frictional forces between chip and tool 
interface and tool and the work piece, hence reducing the temperatures developed and 
ultimately preventing the tool wear and prolonging the tool life, which results in 
surface quality improvement. The substantial reduction in surface roughness values 
by 10% solid lubricants (graphite, MoS2 and boric acid) mixed with SAE-40 base oil 
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assisted steel turning could be attributed mainly due to the retention of insert 
sharpness due to lower wear and plastic deformation at reduced chip-tool interface 
temperatures. Thus it indicated that the lubricating property of MQL (solid-liquid) 
was effective in minimizing the friction between the chip-tool interface and tool work 
interface. This resulted in minimum wear rate of the carbide tool, which improves the 
surface finish. Therefore, it can be concluded that 10% solid lubricants (graphite, 
MoS2 and boric acid) mixed with SAE-40 base oil assisted steel turning giving better 
surface roughness as compared to dry, and flooded (wet) machining under different 
cutting conditions. 
Figure 4.15. Surface roughness for different cooling and lubricating conditions 
(speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and tool nose 
radius 0.8mm) 
4.6. Effect of MQL (solid-liquid lubricant) on Tool wear rate 
The variation of tool wear rate with cutting speed, feed rate and depth of cut 
for dry condition, flooded condition and minimum quantity of lubricants (solid-liquid) 
assisted turning is shown in Figure (4.16, 4.17 and 4.18). It can be observed from 
Figure (4.16, 4.17 and 4.18) that in general tool wear increases with increase of 
cutting speed, feed rate and depth of cut. During machining process the chip slides 
against tool rake face. At high cutting speed and feed rate it induces high chip-tool 
interface temperatures. From the Figure (4.16 - 4.18) it is observed that lower tool 
wear can be produced by smaller cutting speed, feed rate and depth of cut. The wear 
rate value remained stable at lower feed rate and dept of cut (Figure 4.17, 4.18). From 
the figure it is observed that major effect on response is due to cutting speed and feed 
rate very little effect due to depth of cut (Figure 4.18). Tool wears increases Iinearly 
with increase in cutting speed and feed rate. However, a tool wear progress by 
minimum quantity lubricants is again lower than that of dry and flooded turning 
process. In dry turning, the tool wear shows a rapid increase. This phenomenon is 
attributed to the high chip-tool interface temperature where the diffusion mechanism 
is dominant. The effectiveness of solid-liquid lubricants is strongly affected by 
machining conditions. During machining EN-31 steel the solid-liquid lubricant may 
be creating a thin lubricating film on the rake face of cutting tool. The substantial 
reduction of tool wear rate observed is due to low coefficient of friction and sliding 
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Figure 4.18. Variation of tool wear rate with depth of cut (cutting speed 
112m/min, tool nose radius 0.8mm and feed rate 0.10mm/rev) 
The variation of the tool wear rate with the tool nose radius under 
different lubricating conditions can be seen from the Figure 4-19- Tool wear rate value 
decreases with increase of the nose radius. Nose radius is a major factor that affects 
tool wear rate. Figure 4.19 shows that tool wear rate in dry machining is higher than 
that of flood and minimum quantity lubrication (solid-liquid) machining. The 
experimental results reveal that, the tool wear rate is lower at higher nose radius and 
comparatively high at low tool nose radius as shown in Figure 4.19 under all 
lubricating and cooling conditions. During machining with a tool that has a large tool 
nose radius, a large part of the chip will have a chip thickness less than the minimum 
chip thickness value, thus lower shear plane heat source. This in turn reduces the 
propagation of tool wear (increasing tool life) during high speed metal cutting. The 
smaller tool nose radius gives larger uncut chip thickness, thus greater shear plane 
heat source. The shear plane heat source continues to increase which results in 
propagation of tool wear (reducing tool life). During machining using a tool with 
small tool nose radius, the area of contact available for conduction between the tool 
and workpiece is small compared with that with a higher tool nose radius. Hence, the 
reduction of heat conduction area promotes local temperature rise along the cutting 
edge. 
Again tool wear decreases with the application of the minimum quantity solid-
liquid lubricant as compared to the flood coolant condition and dry machining. Figure 
4.19 clearly indicates that 10% boric acid mixed with SAE-40 base oil (MQL) is very 
much effective for controlling the tool wear rate as compared to 10% graphite + 
MI 
SAE-40 oil, 10% MOS2 + SAE-40 oil, dry and flooded lubricant machining during 
steel turning operation. 
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Figure 4.19. Variation of tool wear rate with tool nose radius (cutting speed 
112mImin, depth of cut 0.4mm and feed rate 0.10mm/rev) 
The net percentage decrease in the tool wear rate value is also dependent upon 
the type of minimum quantity of lubrication and machining conditions as shown in 
Figure 4.20. So there is decrease of tool wear values approximately from 9% 
to13.84% due to flood machining, 12 to 28.41% due to 10% graphite + SAE-40 base 
oil, 35% due to 10% MoS2 + SAE-40 base oil and 46.35% due to 10% boric acid 
mixed with SAE-40 base oil. The decrease in the tool wear rate is due to good 
lubrication and cooling action between chip-tool interface junctions during turning 
operation. This is due to the layered lattice structure of these solid lubricants. The 
lubricating action of the minimum quantity lubricants reduces the frictional forces 
between chip-tool interface, tool and the work piece, hence reducing the temperatures 
developed and ultimately preventing the tool wear and prolonging the tool life, which 
results in surface quality improvement. This improvement can be attributed to 
favorable chip-tool and too work-piece interaction and reduction of chip-tool interface 
temperature during machining. 
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Figure 4.20. Tool wear rate for different cooling conditions (speed 112 m/min, 
feed rate 0.10 mm/rev, depth of cut 0.4 mm and tool nose radius 0.8 mm) 
4.7. Effect of MQL (Solid-Liquid lubricant) on Chip thickness 
Almost all the parameters (cutting speed, feed rate, depth of cut and tool nose 
radius) involved in machining have direct and indirect influence on the thickness of 
the chips during deformation. Chip thickness is a parameter that is used to understand 
the basic metal cutting process. A lower chip thickness implies better lubrication at 
the chip-tool interface and formation of chips of thinner section, i.e. if the chip 
thickness decreases, the process efficiency goes up. The chips were collected at the 
end of each experiment and the chip thickness was measured using slider caliper as 
recommended by Dhar et al. 2007 and Luke et al. 1999. The chip thickness values, 
obtained during flood coolant, dry condition and minimum quantity lubricant 
condition (solid-liquid) assisted machining for a particular condition, are shown in 
Figure (4.21 - 4.24). It is found in this work that the chip thickness is less with 10% 
solid lubricant mixed with SAE-40 base oil assisted machining, followed by flood 
coolant condition and dry machining at all the levels of the considered process 
parameters (cutting speed, feed rate, depth of cut and tool nose radius). From Figure 
(4.21- 4.24) it is also seen that increase in chip thickness increases with feed rate. The 
chip thickness decreases with increase in cutting speed and tool nose radius. By 10% 
boric acid with SAE-40 base oil applications, chip thickness is reasonably expected to 
decrease due to reduction in friction at the chip-tool interface and reduction in 
deterioration of effective rake angle by built-up edge formation and wear at the 
cutting edges mainly due to reduction of cutting temperature. The reduction in chip 
thickness was observed to be maximum 12% to 23% in minimum quantity lubricant 
94 
machining of EN3 1 steel as compared to dry and flood machining. This observation is 
an agreement with the findings of previous paper (Dhananchezian et al. 2009). This is 
because of better lubrication effect produced by the minimum quantity lubricant at the 
chip-tool interface due to the formation of fluid cushion. Reduced chip-thickness in 
minimum quantity lubricant machining results from the lowered cutting temperature 
and reduced adhesion between tool and work piece and between the tool and chip. 
The color of the steel chips also results more effective cooling. The use of minimum 
quantity lubricant (solid-liquid) has been successful in reducing chip-tool interface 
temperature while machining EN-31 steel with tungsten carbide inserts. 
In addition less tool wear, higher cutting speed and less built-up edge improve 
the work surface finish. Experimental findings reveal that the friction generated 
between tool and work piece has been significantly reduced in 10% boric acid + SAE-
40 base oil, 10% MoS2 powder + SAE-40 base oil and 10% graphite powder + SAE-
40 base oil assisted machining as compared with dry machining and flooded coolant 
machining as discussed in section 4.16. Hence, it can be concluded that minimum 
quantity lubricant is the better alternative to flood cooling for machining is EN-31 
steel. Thus, it eliminates the use of conventional flooded coolant cutting fluids 
lubrication, making the machining activity pollution free. They are relatively free 
from hazards inherent with the use of conventional flooded coolant condition cutting 
fluids. Although the lubricating action has been successfully taken care of in the 
proposed method an effective means for substituting flushing action and tool cleaning, 
have yet to be identified in order to make minimum quantity lubricant assisted 
machining as viable alternative to conventional flooded coolant machining with 
cutting fluids. However, efficient breaking of chips into the desired shapes as 
discussed in section 4.9 is an added advantage of MQL with solid-liquid mixture 
lubrication. 
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Figure 4.21 Variation of chip thickness with cutting speed (feed rate 0.10mm/rev, 
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Figure 4.22 Variation of chip thickness with feed rate (cutting speed 
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Figure 4.24 Variation of chip thickness with tool nose radius (cutting 
speed 112m/min feed rate 0.10mm/rev and depth of cut 0.4mm) 
The reduction in chip thickness was observed to be maximum 7% to 26% with 
minimum quantity of lubrication technique as compared to dry and flood cutting as 
shown in Figure 4.25. From the above mentioned results it can be inferred that chip 
thickness is much reduced by the minimum quantity lubricants (10% boric acid + 
SAE-40 base oil). 
Figure 4.25 Chip thickness for different cooling and lubricating 
conditions (speed 1l2mfmin, feed rate 0.10mm/rev, depth of cut 0.4mm and tool 
nose radius 0.8mm) 
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4.8. Effect of MQL (solid-liquid lubricant) on power consumption in metal 
cutting 
The power consumption is calculated as the product of main cutting force and 
the cutting velocity and is a better criterion for design and selection of any machine 
tool. Power consumption may be used for monitoring the tool conditions. The 




Where p is the power in watt, V is the cutting speed in m/min and Fc is the 
main cutting force in N. The power is dissipated mainly in the shear zone (due to the 
energy required to shear the material) and on the rake face of the tool (due to chip-tool 
interface friction) (Trent, 2002). The sharpness of the tool tip also influences forces 
and power. Because it rubs against the machined surface and makes the deformation 
zone ahead of the tool, the worn out tools require higher forces and power. The 
variation of metal cutting power with cutting speed, feed rate, depth of cut and tool 
nose radius for different lubricating and cooling conditions are presented in Figure 
(4.26 - 4.29). It is obvious that as the machining parameters are increased, the cutting 
power also increases. The graphs show a common trend for all four machining 
parameters under all cooling and lubricating conditions. The cutting power reaches 
the highest value where the value of cutting speed, feed rate, depth of cut and tool 
nose radius at their maximum value under dry machining followed by flood and 
minimum quantity (solid-liquid) lubricant conditions as shown in Figure (4.26 - 4.29). 
This clearly shows that the power consumption increases with cutting velocity and 
feed rate due to effect of tool wear which increases chip-tool and tool-work-piece 
contact areas, consequently increasing cutting forces and power consumption. The 
lowest power consumption was recorded at lower machining parameters and 10% 
boric acid + SAE-40 oil, as these conditions gave the lowest tool wear rate during 
turning process as compared to other lubricating conditions. 
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Figure 4.27 Variation of power consumption with feed rate (cutting speed 
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Figure 4.29 Variation of power consumption with tool nose radius (cutting speed 
112m/min, feed rate 0.10mm/rev and depth of cut 0.4mm) 
Figure 4.30 shows power consumption when machining at a speed of 
112m/min, a feed rate of 0.10mmlrev, a depth of cut 0.4mm and a tool nose radius of 
0.8mm. This clearly shows that power consumption increases in dry machining due to 
effect of tool wear which increases cutting force and power consumption. The net 
power consumption during turning is also dependent upon the type of minimum 
quantity of lubrication as shown in Figure 4.28. It also shows that machining with 
10% boric acid + SAE-40 base oil consumed the lowest power i.e. 41% less as 
100 
compared to 10% graphite + SAE-40 base oil, 10% MoS2 + SAE-40 base oil followed 
by dry and flooded coolant machining. 
Figure 4.30. Power consumption for different cooling and lubricating conditions 
(speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and tool nose 
radius 0.8mm) 
4.9. Comparison of Chip Forms 
Chip morphology refers to the characteristics of chips produced in a 
manufacturing process, which aid in analyzing the performance of the machine tool, 
process parameters and product quality and productivity. Control, acceptable chip 
forms in the machining zone and chip breaking aspects are more important in steel 
turning operation because they have strong effects on surface finish, cutting forces, 
work-piece accuracy and tool life. If one expertise in visualizing the chip shape, size 
and color, it will help in the control of process, cutting forces, work-piece accuracy, 
tool life, during steel turning. Machining of steel involves more heat generation 
because of ductility of material and production of continuous chips having more 
intimate and wide chip tool contact. The temperature generated during metal cutting 
makes a great negative impact on machining quality, tool life, surface roughness, tool 
wear etc. The temperature becomes more intensive when cutting velocity and feed 
rate are increased for high speed machining and work materials are relatively difficult 
to cut. The color and thickness of the chips also directly and indirectly indicate the 
nature of chip-tool interaction influenced by the machining environment. There are 
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two groups of chip forms, one is acceptable chips and second is unacceptable chips, 
based on the convenience of handling. Acceptable chips do not whirl around the 
work-piece or the tool post of the machine tool and do not cause problems of disposal. 
Unacceptable chips interrupt regular manufacturing operation, as they tend to 
entangle around the tool and work-piece and pose safety problems to the machine 
operators. Entangling chips can harm the quality of surface finish of turned parts 
during turning steel. Sometimes lead to unexpected tool failure. Small tightly curled 
chips or helical chips are preferred types. 
The chip samples were collected during machining under different speed-feed 
and depth of cut combinations under dry, flood . and minimum quantity lubrication 
(solid-liquid) coolant conditions are shown in Figure 4.31 (a, b, c, d and e ). It is 
observed that when machined under minimum quantity lubricating conditions, helical 
broken and tightly coiled chips are produced that can be easily handled and their back 
surface appeared much brighter and smoother (Figure 4.31 c, d, and e), where as long 
snarled chips are prevalent during dry and flood cooled turning (Figure 4.31a and b). 
This indicates that the amount of reduction of temperature and presence of MQL 
cooling enabled favorable chip-tool interaction. The colors of the chips have also 
become much lighter due to reduction in cutting temperature by minimum quantity 
lubrication followed by flood cooling conditions. It is important to note that the role 
of minimum quantity lubricant technique has been more effective in respect of form 
and colour of the chips produced when turning. In addition to tool life improvement, 
minimum quantity lubricant machining eases the chip breaking. Chips obtained in 
MQL cutting conditions are easy to handle and economical to dispose off. Further the 
chips do not whirl around the work-piece or the tool post. So machine does not stop, 
thus increasing the productivity. The size and shape of chips produced with MQL are 
the most favorable ones for machining_ From Figure 4.31 c is clearly indicates that 
10% boric acid mixed with SAE-40 base oil (MQL) is very much favorable for 
breaking the produced chips in to the desired shape and size as compared to 10% 
graphite + SAE-40 oil, 10%MoS2 + SAE-40 oil, dry and flooded lubricant machining 
during steel turning operation. 
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Figure 4.31a Chips produced under dry turning (cutting speed 112m/min, 
feed rate 0.10mm/rev, depth of cut 0.4mm and nose radius 0.8mm) 
Figure 4.31b Chips produced under flood cooling condition (cutting speed 
112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and nose radius 0.8mm) 
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Figure 4.31 c Chips produced under MQL with 10% graphite +SAE-40 
oil, (cutting speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and nose 
radius 0.8mm) 
Figure 4.31 d Chips produced under MQL with 10% MoS2 + SAE-40 oil, (cutting 




Figure 4.31 a Chips produced under MQL with 10% boric acid + SAE-
40 oil, (cutting speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and 
nose radius 0.8mm) 
4.10. Effect of solid-liquid lubricant (MQL) on Shear angle 
The knowledge of interaction between the cutting tool and work material in 
chip forming process is of great interest. The chip-tool contact length during turning 
of EN-31 steel using tungsten carbide tools was investigated and analyzed. The 
comparisons of shear angle for EN-31 steel with cutting speed and feed rates under 
dry, flood and minimum quantity lubrication (solid-liquid) cutting are shown in 
Figures 4.32 (a, b). Here in this study the following relationship proposed by 
Merchant used for calculating shear angle (0) is used. 
Tan D= r.cosa / 1- r,, sins 	 (4.3) 
Where, rr = chip thickness ratio = to(uncut chip thickness)/t~(cut chip 
thickness) , a = tool rake angle, 1 = shear angle 
From Figure 4.21 (section 4.7) it can be seen that as the cutting speed 
increases the chip thickness decreases. At low cutting speed, due to large contact area 
on the rake face and small shear plane angle, thick chips are generated as shown in 
Figure 4.32a. As the shear angle becomes smaller, the deformation of the chip 
becomes less. In turn, the ratio of chip thickness (re) becomes smaller. Because less 
force is required to remove a certain amount of material, the specific horse power, 
which specifies the energy required to remove a certain amount of material in a 
certain period of time, is also decreased. The friction force and shear force are the 
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main sources of heat generation. It is obvious that the reduction of these parameters 
leads to the reduction of temperature accumulation. Smaller contact area and large 
shear plane angle reduces the cutting force. This observation agrees well with results 
reported by previous researcher (Luke et al. 1999). While comparing the shear angle 
under MQL (solid-liquid) machining with dry and flood machining, it was seen that 
MQL machining results in increased shear angle (Figure 4.32 a, b). This is due to the 
reduction in cutting temperature by solid-liquid lubricant cooling. The results indicate 
that the shear angle was increased to a maximum of 12% in MQL (solid-liquid) 
machining as compared to dry and flood machining. Higher shear plane angle means 
smaller shear plane which means lower shear force, cutting force, power, and cutting 
temperature and chip thickness. This conclusion agrees with Merchant equation (CD = 
45 + a/2 -- (3/2), where, 0 is the shear angle, a is the rake angle and 0 is the friction 
angle. Under the assumption of orthogonal cutting shear angle is determined to 
ascertain of the improvement in machinability was due to lubrication effect of the 
solid-liquid coolant/lubricant. The assumption is valid because this is used for 
comparative studies only. The lower values of shear plane obtained by the 10% boric 
acid + SAE-40 base oil can be attributed to its strong adhesion as compared to the 
10% MoS2 +SAE-40 base oil, 10% graphite + SAE-40 base oil as shown in Figure 
4.32 (a, b). 
70 
■ Dry condition 60 
a~ 50 ■ Flood 
05 condition 
40 • 10%Graphite 
+5AE40 oil 2 N 30 
a ■ 10•i MOS2+ 
20 SAE40oil 
10 ■ 10%Boric acid + SAE40 oil 
0 
189 	112 	39 
Cutting speed (m/min) 
Figure 4.32a Shear angle vs. Cutting speed (feed rate 0.10mm/rev, depth 
of cut 0.4mm, nose radius 0.8mm) 
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4.11. Effect of solid-liquid (MQL) on Chip-Tool contact length 
The chip-tool contact length can be defined as the contact length between chip 
and tool in the chip flow direction. Chip-tool contact length is an important parameter 
in machining. A longer contact length leads to a greater accumulation of heat in the 
tool. If the contact length can be shortened, however, the friction force and heat can 
be reduced. The chip-tool contact length is greatly affected by various factors such as 
cutting speed, feed rate, depth of cut, tool nose radius, tool material, and work-piece 
material as well as cutting temperature, cutting forces and type of chips, etc. Here in 
the present study the relationship used for calculating chip-tool contact length 
reported by Thakur et al. (2009). This relationship was experimentally developed by 
Poletika (1969) for different steels and this was used by Thakur for Inconel steel. The 
equation used for calculating the chip-tool contact length is, 
L = tc *(2.05*Cc - 0.55) 
	
(4.4) 
Where, L chip-tool contact length in mm, tc chip thickness in mm and Cc chip 
reduction coefficient, etc. 
The relationship between the cutting parameters such as cutting speed and 
feed rate with chip-tool contact length is shown in Figures 4.33 (a, b). From the 
figure,  it can be seen that the chip-tool contact length decreases as the cutting speed 
increases. This may be due to the fact that, as the cutting speed increases, the plastic 
deformation rate increases, due to the rise in cutting temperature in the machining 
zone as shown in Figure (4.3- 4.6). It supports this conclusion. Figure 4.33b also 
indicates that as the feed increases the chip-tool contact length increases. From the bar 
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diagram Figure 4.33b, it can be seen that an increase in feed rate from 0.06 mm/rev to 
0.15mm/rev results in the contact length increase from 0.36 to 0.57mm. However, 
increase in the cutting speed from 39 m/min to 189 m/min results in reduction chip-
tool contact length from 0.54 mm to 0.40mm for the same machining conditions 
(Figure 4.33a). From this observation, it is clear that the feed rate has higher influence 
on the chip-tool contact length than the cutting speed during turning of EN-31 steel. 
This conclusion is agreed with (Luke et al. 1999). At higher feed rates, the chip-tool 
contact length increases. However, from Figure 4.33 (a, b) it is observed that Solid-
liquid (MQL) assisted turning produced low values of chip-tool contact length 
compared to the dry and flood condition turning. Among the three variants of the 
MQL (solid-liquid) lubricant assisted turning, 10% boric acid+SAE-40 oil assisted 
turning shows better results as compared to 10% MoS2 +SAE-40 base oil and 10% 
graphite + SAE-40 oil lubricant assisted turning. The decrease in the chip-tool contact 
length due to solid-liquid lubricants can be attributed to the inherent lubricating 
properties of the solid lubricants even at extreme temperatures. This is due to layered 
lattice structure of these lubricants (Shaji et al. 2002, Edemir, 1991). The lubricating 
action of the solid-liquid lubricants reduces the chip-tool contact length, then reduces 
friction between tool and chip and work-piece, hence reducing the temperatures 
developed and ultimately preventing the tool wear and prolonging the tool life, which 
results in surface quality improvement. 
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Figure 4.33a Variation of chip-tool contact length with cutting speed (feed 
rate 0.10mm/rev, depth of cut 0.4mm, nose radius 0.8mm) 
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Figure 4.33b Variation of chip-tool contact length with feed rate (cutting 
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4.12. Effect of solid-liquid lubricant (MQL) on chip compression Ratio 
Figure 4.34 (a, b) shows the experimental results for chip compression ratio 
with respect to chip-tool contact length for dry, flood and MQL (solid-liquid) assisted 
machining. The chip-tool contact length increases with increasing chip compression 
ratio. Reduced chip compression ratio that is, thinner chips promote chip curl and 
hence reduce chip-tool contact length as shown in Figure 4.33 (a, b). The reduction in 
chip compression ratio is also associated with the reducing cutting forces for higher 
cutting speeds. It may be due to the effect of lowering of cutting forces at high cutting 
speed, as emphasized by author (2010). 
The variation of compression ratio with respect to chip-tool contact length for 
dry, flood cooling condition machining and MQL (solid-liquid) assisted turning as 
shown in Figure 4.34 a, b. It can be observed from these graphs that chip-tool contact 
length increases with the increase of the compression ratio. This could be due to the 
higher chip thickness and higher cutting forces results. MQL (solid-liquid) assisted 
turning produced low values of chip-tool contact length compared to dry and flood 
turning and it produces lower cutting zone temperatures and tool wear rate, which 
improved surface finish during steel turning. Among the three (solid-liquid) MQL 
lubricant assisted turning, 10% boric acid + SAE-40 oil assisted turning shows better 




■ Dry condition 1.2 
■ Flood 
condition  
08 ■ 10%Graphite 
0.6 + SAE40 oil 
■ 10%MoS2 + 
0.4 SAE40 oil 
CL ■ 10%Boric acid 
60.2 + SAE40 oil 
0 
0.6 	0.66 	0.83 
Chip-Tool contact length (mm) 
Figure 4.34a Variation of chip-tool contact length with chip compression 




1 1 0.8   
E 0.6 








+ SAE40 oil 
• 10%MoS2 + 
SAE40 oil 
• 10%Boricacid 
+ SAE40 oil 
 
0.5385 	0.6615 	0.9485 
 
Chip-Tool contact length (mm) 
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4.13. Effect of solid-liquid lubricant (MQL) on specific cutting force 
The performance of a tool can be evaluated either in terms of tool life as 
decided by tool wear or performance indicators such as cutting forces, specific cutting 
force, chip-tool interface temperature, surface roughness and related features. The 




Where, Fe is the main cutting force (N), Fsp is the specific cutting force 
(Nfmm2), f is the feed rate (mm/rev), and d is the depth of cut (mm). The specific 
cutting force is usually influenced by the machining conditions and tool-work 
material. During turning operation the variation of specific cutting force can be 
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attributed to changes in the geometrical form of the cutting edge. This is influenced 
largely by chip-tool interface temperatures during turning process. The chip-tool 
interface temperature is the function of cutting speed feed rate and depth of cut. This 
causes the variation in specific cutting force with cutting speed and feed rate. Figure 
4.35 (a, b) shows the variation of specific cutting force with cutting speed and feed 
rate under different lubrication and cooling conditions. According to the Eq. (4.5) it is 
obvious that the specific cutting force decreases as the feed rate increases under all 
lubricating and cooling conditions. Similarly specific cutting force decreases as the 
cutting speed increases in all cases_ The variation of specific cutting force with respect 
to cutting speed and feed rate for dry, flood condition machining and MQL (solid-
liquid) assisted turning is shown in Figure 4.35 (a, b). It can be observed from these 
graphs that MQL(solid-liquid) assisted turning produced low values of specific 
cutting force compared to dry and flood turning and it produces lower cutting zone 
temperatures and tool wear rate, which improved surface finish during steel turning. 
Among the three (solid-liquid) MQL lubricant assisted turning, 10% boric acid + 
SAE-40 oil assisted turning shows better results as compared to 10% MoS2 + SAE-40 
oil, 10% graphite + SAE-40 oil assisted turning. It is also observed from the response 
plot (Figure 4.35a) that MQL (solid-liquid) with low to medium cutting speed is 
necessary to minimize specific cutting force. This is due to the fact that thinner chips 
are produced at lower cutting speed due to effect of solid-liquid lubricants in turning 
process. Further, at low cutting speed, heat generated is successfully controlled by 
solid-liquid lubrication as compared to dry and flood condition machining and thus 
decreasing the specific cutting force and hence better machining takes place without 
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Figure 4.35a. Variation of specific cutting force (N/mm2) with cutting speed 
(feed rate 0.10mm/rev, depth of cut 0.4mm, nose radius 0.8mm and 
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Figure 4.35b. Variation of specific cutting force (N/mm2) with feed rate 
(speed 112m/min, depth of cut 0.4mm and nose radius O.8mm ) 
4.14. Maximum Machining Ratio 
Machining ratio is given by the following equation (Rao et al. 2003) 
MR=vdft/ Vt = vdftp / w 	 (4-6) 
Where, v = cutting speed (m/min), f = feed rate (mm/rev), d = depth of cut 
(mm), t = machining time (minute), Vt = volume of tool wear (cm3), w = weight of 
tool wear (mg) and p = density of tool material (15.8 g/cm3) etc. For different 
machining and lubricating conditions the values of machining ratio are shown in 
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Figure 4.36. It indicates that machining ratio first increases rapidly in all lubricating 
and cooling conditions and reaches up to maximum value, then this value remains 
constant for some period after which it falls sharply. Machining ratio is inversely 
proportional to the tool wear rate. Thus the machining ratio first increases and after 
reaching a constant maximum value it starts decreasing sharply. The maximum 
machining ratio can be used as a suitable criterion for tool life. The tool life in case of 
maximum machining ratio criterion will be defined as the time when the machining 
ratio stabilizes at maximum value and it begins to fall sharply. It is a dimensionless 
quantity and is based on combined wear of flank, crater, chip notching, primary and 
secondary grooving. It can be observed from the Figure 4.36 that MQL(solid-liquid) 
assisted turning results higher machining ratio as compared to dry and flood turning 
and it produces lower cutting zone temperatures, lower cutting forces and tool wear 
rate due to minimum friction between tool-chip and tool-work-piece cutting zone. 
This improves surface finish and tool life during steel turning. Among the three 
(solid-liquid) MQL lubricant assisted turning, 10% boric acid + SAE-40 oil assisted 
turning shows maximum machining ratio as compared to 10% MoS2 + SAE-40 oil, 
10% graphite + SAE-40 oil assisted turning. Dry and flood condition assisted turning 
observed low values of maximum machining ratio as compared to solid-liquid 
lubricant turning. So it can be conclude that early failure of the cutting tool occurs in 
dry machining followed by flood and then (solid-liquid) MQL machining. 
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Figure 4.36. Machining ratio vs cutting time (cutting speed 112 m/min, 
feed rate 0.10mm/rev, depth of cut 0.4mm and tool nose radius 0.8mm) 
4.15. Effect of solid-liquid lubricant (MQL) on Chip micro-hardness 
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Figure 4.37 (a, b, c and d) shows plots of the average micro-hardness values of 
the chips produced in various lubricating and cooling conditions during steel turning 
operation. 
From Figure 4.37a it can be seen that as cutting speed increases the micro-
hardness of chip slightly decreases under all lubricating and cooling conditions. This 
is because, as cutting speed increases the cutting forces (cutting and feed force) 
decrease thus increases the amount of heat generation in chip-tool interface and chip 
softening occurs due to increase in temperature. Again minimum micro-hardness of 
chip is observed with the application of the minimum quantity lubrication (solid-
liquid) as compared to the flood coolant condition and dry machining. This is because 
the friction in chip-tool interface reduces due to better lubrication as demonstrated in 
section 4.3. 
From Figure 4.37a clearly indicates that 10% boric acid mixed with SAE-40 
base oil (MQL) is very much effective for controlling the micro-hardness of chips as 
compared to 10% graphite + SAE-40 oil, 10% MoS2 + SAE-40 oil, dry and flooded 
lubricant machining during steel turning operation. 
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Figure 4.37a Variation of chip micro-hardness with cutting speed (feed 
rate 0.10mm/rev, depth of cut 0.4mm and tool nose radius 0.8mm) 
Figure 4.37b shows the change of chip micro-hardness in machining according 
to the feed rates for the machining under different lubricating and cooling conditions. 
With the increase in feed rate, section of chip increases and consequently friction 
increases as reported by Shaw, (1984). So the strain hardening increases. However, as 
feed rate is increased, the chip micro-hardness is increased relatively up to the highest 
feed rate in dry machining as shown in Figure 4.37b. As the feed rate increases from 
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0.06mm/rev to 0.15mm/rev, the chip micro-hardness increases approximately 102%. 
This chip-tool interface is subjected to a burnishing mechanism which affects the 
hardness of the chip. Fig.4.37b clearly reveals that solid-liquid lubricant has positive 
effect in controlling micro-hardness of chips during steel turning. At dry machining 
conditions, there was significant increase in chip microhardness as the feed rate was 
increased. With 10% boric acid + SAE-40, minimum micro-hardness occurs than at 
highest feed rate and cutting speeds. 
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Figure 4.37b Variation of chip micro-hardness with feed rate (speed 112 
m/min, depth of cut 0.4mm and tool nose radius 0.8mm) 
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Figure 4.37c shows the changes of chip micro-hardness recorded during 
machining as the function of depth of cut with respect to different lubricating 
conditions with constant cutting speed, feed rate and nose radius. For the depth of cut 
of 0.2mm, the measured chip micro-hardness is lower as compared to Niger depth of 
cut (0.6mm) under all conditions as shown in Figure 4.37c. This represent an increase 
in chip micro-hardness of 108%, where higher values of chip micro-hardness are 
obtained with increasing depth of cut under dry turning. If the depth of cut increases, 
the cros-section of chip increases then increasing surface contact between the cutting 
insert edge and metal removal takes place and resulting in directional flow of the chip 
over the tool face and higher cooling rate accompanied by an increase in chip micro-
hardness from the surface of contact toward the outer surface of chips. Figure 4.37b 
shows that cutting performance of solid-liquid lubricant is better than that of dry and 
flood ciutting with respect to microhardness of chips. 
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Figure 4.37 c. Variation of chip micro-hardness with depth of cut (speed 
112 m/min, feed rate 0.10mm/rev, and tool nose radius 0.8mm) 
Figure 4.37d shows the effect of tool nose radius on the chip micro-
hardness with different cutting and lubricating conditions. Figure 4.37d clearly shows 
that chip micro-hardness reduces at higher values of tool nose radius as compared to 
smaller values of tool nose radius under all lubricating conditions. Minimum quantity 
of lubrication of 10% boric acid mixed with SAE-40 base oil assisted machining is 
superior to machining with dry, flood machining and 10% MoS2+ SAE-40 base oil, 
10% graphite powder + SAE-40 base oil as shown in Figure 4.37d, because micro-
hardness of chip is less under all the machining and lubricating conditions. 
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Figure 4.37d. Variation of chip micro-hardness with nose radius (speed 
112 mlmin, feed rate 0.10mmlrev, and depth of cut 0.4mm) 
Figure 4.38 shows the changes of average chip micro-hardness recorded 
during machining under different lubricating and cooling conditions with constant 
cutting speed, feed rate, depth of cut and nose radius during turning of EN31 steel. 
The hardness of the chip increased in the following order of lubricating conditions 
used: 10%boric acid + SAE-40 base oil, 10% MOS2 + SAE-40 oil, 10% graphite 
+SAE-40 oil, flood and dry machining. The 10% boric acid mixed with SAE-40 base 
oil is an excellent lubricating properties, mainly reducing the friction between chip-
tool and tool-workpiece, hence the machining is produced at lower chip-tool interface 
temperatures and deformations consequently the microhardness hardness of chip is 
the lowest as compared to other solid-liquid lubricant (1060 HV100g). 
Figure 4.38. Chip microhardness for different cooling and lubricating conditions 
(speed 112m/min, feed rate 0.10mm/rev, depth of cut 0.4mm and tool nose 
radius 0.8mm) 
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4.16 Friction coefficient (p) 
Figure4.39 shows the variation of friction coefficient recorded during 
machining with different lubricating and cooling conditions with constant cutting 
speed, feed rate, depth of cut and nose radius during turning of EN31 steel. The 
friction coefficient on rake face of tool can be calculated by using measured values of 
cutting forces namely thrust and feed force and Merchants theory (Nagpal, 1986, 
Shaw, 1989) as 
g = (Ffcosa + F. sins) / (F,, cosa + Ff sina) 	(4.7) 
where, .t is the coefficient of friction, Fe the cutting force, Ff the feed 
force and a the rake angle. The cutting force and thrust force were measured by tool 
lathe dynamometer. The higher the coefficient of friction, the higher the amount of 
energy required to initiate plastic deformation and shearing of the material. This, 
therefore increases the cost of machining as machining force is increased. Figure 4.39 
shows that the lowest friction coefficient was captured by 10% boric acid mixed with 
SAE-40 base oil as compared to 10°/% graphite + SAE-40 oil, 10% MoS2 + SAE-40 
oil, flood and dry machining. It shows that the small amount of solid-liquid mixture of 
minimum quantity lubruicant presents a strong cooling and lubricating effect as 
compared to dry and flodded lubricant machining. However, from experiments, it is 
observed that the minimum quantity lubricant technique enable reduction of friction 
coefficient during metal cutting. The net percentage decrease in coefficient of friction 
value is dependent upon the type of solid lubricant with SAE-40 base oil. So there is 
decrease of friction coefficient approximately from 7% due to 10% graphite + SAE-
40 oil, 13% due to 10% MoS2 + SAE-40 oil and 31% with 10% boric acid + SAE-40 
base oil. It can be concluded by this study that with the present solid-liquid MQL 
technique reduced chip-tool interface temperature and hence improvement in all 
machinability parameters is only due to less heat generation, because of better 
lubrication at the chip-tool interface, reduction in chip-tool interface temperature with 
flooded coolant is mainly due to the cooling effect of the soluble oil with water 
(flooded application), not due to lubricant. As it is seen that in this case the friction 
coefficient is maximum as compared to dry cutting (Figure 4.39). 
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Figure 4.39 Coefficient of friction for different lubricating and cooling 
conditions (112mlmin, feed arte 0.10mm/rev, depth of cut 0.4mm and tool nose 
radius 0.8mm) 
4 B. STATISTICAL ANALYSES: 
4.17 Statistical checking the correctness of experimental data through simulation 
study 
In this section, the equivalent chip-tool interface temperature is determined by 
using Monte Carlo Simulation technique, as explained in section 3.9, for analysis of 
chip-tool interface temperature under dry machining and simulation of combined 
errors for the experimental data for all other machining parameters in turning EN-31 
steel with tungsten carbide inserts under dry, flooded and minimum quantity 
lubrication (solid-liquid) machining and the experimental results were found to be 
statistically appropriate. 
Cldtftslbosy9ee !s*eraom+ Wow h7 rmEi{OeI 
Figure 4.40 Normal distribution for chip-tool interface temperature (Dry 
machining) (Mean = 355.20, Standard deviation = 90.28) 
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Table 4.1 Frequency distribution of chip-tool interface temperature (dry 
machining) 
Class Interval Frequency PDF Cumulative PDF 
0-200 02 0.083 0.083 
200-300 04 0.166 0.249 
300.400 10 0.416 0.665 
400-500 08 0.33 1.00 
Table 4.2 Frequency distribution of chip-tool interface temperature 
(flooded coolant machining) 
Class Interval Frequency PDF Cumulative PDF 
0-150 01 0.0416 0.0416 
150-200 01 0.0416 0.083 
200-250 03 0.125 0.208 
250-300 01 0.0416 0.249 
300-350 10 0.4166 0.666 
350-400 03 0.125 0.791 
400-450 03 0.125 0.916 
450-500 02 0.083 1.00 
The curves are drawn for cumulative probability distribution function (CPDF) 
after drawing individual distribution for probability occurrence. Sub sequential a 
series of random number were taken serially unto two digits in the 0 to 99. The CPDF 
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Figure 4.41 CPDIF for chip-tool interface temperature (Dry and flood 
cooling machining) 
Table 4.3 Random numbers and chip-tool interface temperature 









1 80 413 385 
2 68 399 346 
3 30 310 304 
4 67 399 345 
5 70 403 351 
6 21 249 245 
7 62 395 344 
8 01 145 135 
9 79 413 384 
10 75 408 360 
11 18 238 244 
-12 53 389 338 
13 29 310 303 
14 65 399 345 
15 19 249 245 
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16 85 427 400 
17 68 399 346 
18 11 240 223 
19 62 395 344 
20 56 389 339 
21 63 395 344 
22 64 395 344 
23 39 350 323 
24 34 327 322 
Mean temperature 	 351.50 	 319,10 
Table 4.3 shows the chip-tool interface temperature obtained from the CPDF 
curves and random numbers by Monte Carlo simulation. From the above Table 4.3 
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Figure 4.42 Normal distribution for chip-tool interface temperature, (dry 
machining) (After considering Random number) 
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Figure 4.43 CPDF for chip-tool interface temperature (After 
consideration of Random numbers) 
Similarly all readings of chip-tool interface temperatures of different solid-
liquid (MQL) conditions followed the normal distribution is show in Figure (4.44 - 
4.47). 
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Figure 4.44 Normal distribution for chip-tool interface temperatures 
(Graphite + SAE-40 base oil Iubricant) 
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Table 4.4 Frequency distribution of chip-tool interface temperature 
(graphite + SAE-40 oil) 
Class Interval Frequency PDF Cumulative PDF 
0-160 02 0.05 0.05 
160-240 06 0.15 0.2 
240-320 07 0.175 0.375 
320-400 17 0.425 0.8 
400-480 08 0.2 1.00 
Table 4.5 Frequency distribution of chip-tool interface temperature 
(MoS2 + SAE-.40) 
Class Interval Frequency PDF Cumulative PDF 
0-160 02 0.05 0.05 
160-240 08 0.20 0.25 
240-320 07 0.175 0.425 
320-400 17 0.425 0.85 
400-480 06 0.15 1.00 
Table 4.6 Frequency distribution of chip-tool interface temperature (boric 
acid + SA-40 oil) 
Class Interval Frequency PDF Cumulative PDF 
0-160 04 0.1 0.1 
160-240 06 0.15 0.25 
240-320 11 0.275 0.525 
320-400 19 0.475 1.00 
I24 
Figure 4.45 CPDF for chip-tool interface temperature (solid-liquid 
lubricants) 
Table 4.7 Random numbers and chip-tool interface temperature values 
from CDF Curves 




+ SAE-40 oil) 
Chip-Tool interface 
temperature(MoS2 




(boric acid + 
SAE-40 oil) 
1 80 389,06 365 348 
2 68 379,22 354.34 336.351 
3 30 276.37 256.88 246.22 
4 67 379.08 354.34 336.352 
5 70 379.22 354.64 337.03 
6 21 238.32 214 209:66 
7 62 376.12 353.67 335.598 
8 01 123.88 114.057 109.92 
9 79 389.05 365 348 
10 75 385 362 343.95 
11 18 228.1 213 202.3 
12 53 359.05 339 309.4 
13 29 276.37 256.88 246.22 
125 
14 65 376.78 354.12 335.958 
15 19 237.69 213.93 209.66 
16 85 411.59 392.24 368.53 
17 68 379.08 354.34 336.51 
18 11 178.58 167.25 159 
19 62 376.12 353.67 335.59 
20 56 360.02 342 321.34 
21 63 376.12 354 335.59 
22 64 376.73 354.12 335.96 
23 39 311.3 288.93 276.09 
24 34 292.86 274.23 259.42 
25 88 429.04 407 382.95 
26 25 243.78 223 216.93 
27 76 386 362 344 
28 42 326.76 314.82 291.83 
29 66 376.73 354.18 336 
30 21 238.69 214 210 
31 82 409.06 391 364.85 
32 25 243.78 223 216.93 
33 11 214.93 167.254 159 
34 76 386 363 344 
35 63 376.12 354 336 
36 67 379.08 354.34 336.351 
37 55 360.03 342 321.35 
• 38 03 162.7 135 127.08 
39 57 362.74 342.3 322.4 
40 77 386 363.18 344.073 
Mean 	 - 	 290.90 
temperature. 	 328.40 	 306.50 
9 	 IMean 328.4 
SW v78.04 







1W 	240 	320 	400 	480 
clip-t ot11Ir&m temet~tuie (i'6)(C) 
Figure4.46 Normal distribution for chip-tool interface temperatures 
(Graphite + SAE-40 base oil) lubricant (After consideration of Random 
number) 
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Figure 4.47 CPDF for chip-tool interface temperature (solid-liquid 
lubricants) 
(After consideration of Random number) 
All the readings of chip-tool interface temperature followed the normal 
distribution after consideration of random numbers. So it can be said that the chip-tool 
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interface temperature values are appropriate. It is observed that all the predicted data 
from random numbers follow normal distribution. 
Similarly all other machining parameters have been simulated for combined 
errors in the experimental data by Monte Carlo simulation technique, as described 
above, for turning EN-3I steel with tungsten carbide inserts under dry, flooded and 
minimum quantity lubrication. (solid-liquid) machining and the experimental results 
were found to be statistically appropriate. 
4.18 Effect of different machining parameters on machinability indices and 
statistical modeling: 
A first-order and second-order models of chip-tool interface temperature, 
cutting force, feed force, surface roughness, tool wear rate, chip thickness, chip-
micro-hardness and power consumption have been developed for turning EN-31 steel 
with tungsten carbide inserts under dry, flooded and minimum quantity lubrication 
(solid-liquid) machining in steel turning operation using the results tabulated in. 
Annexure I. Response surface methodology has been applied for developing the 
mathematical models in the form of multiple regression equations correlating 
machinability parameters with cutting velocity, feed rate, depth of cut and tool nose 
radius under dry, flooded and minimum quantity of lubrication (solid-liquid) in the 
turning process. 
The first-order, exponential and second-order mathematical models of 
chip-tool interface temperature for turning EN-31 steel with tungsten carbide inserts 
under minimum quantity lubrication using boric acid and SAE-40 base oil are 
developed. The ANOVA tables for the first order and second order model are given in 
Table no. 4.8 (a), 4.8(c) and 4.8(d). Table 4.8(b) gives the estimated coefficients of 
second order regression model. 
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Table 4.8 (a) ANOVA for first-order model 
Source DF SS MS F-value P-value 
Model 5 203575 40715 43.14 0.000 s 
Residual error 34 32091 944 - - 
Lack-of-fit 27 31485 1166 13.46 0.001 s 
Pure error 7 635 91 - - 
Total 39 235667 - - - 
S = 30.7224 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press= 
86.40%, 	=84.40% 	=83.51% 	38870.20 
First order model: 
T(b) = 91.5 + 0.925 v + 680 f + 111 d — 26.5 r + 0.02 c 	(4.8) 
Exponential model: 
T(b) = 12L51 (V°3 346 * FO.279 * Do.192 * R-0.0718 * Co.00871) 	 (4.9) 
From the ANOVA table 4.8a it is seen that for the first-order model F-
value is 43.14. This implies that the model is significant. The F value for lack-
of-fit is 13.46. It implies the lack-of-fit is significant. The P value is 0.001 i.e. 
there is only a 0. 1% chance that a lack-of-fit occurs due to noise. Therefore, the 
first order model cannot be used to predict chip-tool interface temperature values 
in the present context. Therefore, a second order regression analysis is conducted 
to include the main factors and their interactions at 95% confidence level. The 
estimated second order regression coefficients and constant and their P-values 
are tabulated in table 4.8(b). 
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Table 4.8 (b) Estimated values of second-order regression coefficients 
for chip-tool interface model 
Terms Coefficients t-values P-values 
Constant -32.511 -1.397 0.176 
Cutting speed 3.579 22.662 0.000s 
Feed rate 546.985 3.859 0.001 s 
Depth of cut - 263.434 7.982 0.000 s 
Nose radius -36.058 -2.185 0.039 s 
Lubricant concentration (c) 0.177 0.153 0,880 
Speed x speed -0.011 -19.698 0.000 s 
Speed x feed 0.945 2.254 0034s 
Speed x depth of cut -0.743 -7.878 0.000 s 
Speed x nose radius 0.062 1.310 0.203 
Speed x c 0.002 0.547 0.589 
feed x depth of cut -395.545 -2.515 0019s 
feed x nose radius 244.759 3.113 0.005 s 
Feed x c 1.228 0.195 0.847 
Depth of cut x nose r -33.071 -1.869 0.074 s 
Depth of cut x c 0.017 0.012 0.990 
Nose radius x c -0.664 -0.938 0.358 
The second-order model developed for chip-tool interface temperatures when 
machining with boric acid is given in equation 4.10 below. 
Tb = -32.511 + 3.579 v + 546.985 f +263.434d-36.058r  + 0.177c-0.011 
v2 + 0.945 of - 0.743 v d + 0.062 yr + 0.002 vc - 395.545 fd + 244.759 ft + 
1.228 fc-33.071 dr+0.017 do-0.664rc 	 (4.10) 
The ANOA results for this model are tabulated in Table 4.8(c) 
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Table 4.8(c) ANOVA for second-order model 
Source DF SS MS F-value P-value 
Model 16 234193 14637.0 228.37 0.000 s 
Linear 5 203575.. 7680.8 119.84 0.000s 
Square 1 24875 24867.8 388.00 0.000s 
Interaction 10 5742 574.2 8.96 0.000 s 
Residual 
error 
23 1474 64.10 - - 
Lack-of-fit 16 868 54.2 0.63 0.794 ns 
Pure error 7 607 86.7 - - 
Total 39 235667 - - - 
S = 8.00578 	Press 	Rsq 	Rsq(pred) 	Rsq (adj) 
= 4262.45 	= 99.37% 	-98.19% 	=98.94% 
From Table 4.8 (b) it can be concluded that the cutting speed, feed rate, 
depth of cut and tool nose radius have a significant effect on chip-tool interface 
temperature at 95% confidence level. The interaction of (speed x feed), (speed x 
depth of cut), (feed x depth of cut), (feed x nose radius) and (depth of cut x nose 
radius) are statistically significant, because their p-values are smaller than 0.05. 
However, the effect of concentration and the interaction of (speed x nose radius), 
(speed x lubricant concentration), (feed x lubricant concentration), (depth of cut 
x lubricant concentration) and (nose radius x lubricant concentration) seem to be 
statistically less significant at 95% confidence level). The effect of lubricant 
concentration on the chip-tool interface temperature apparently seems to be 
contrary to the results from the graphical analysis. This is because the lubrication 
concentration has a large effect on the chip-tool interface temperature upto , 10% 
concentration level and after that it looses its effect. 
Model F-value of 228.37 and P-value for lack of fit is 0.794. It is seen 
that the second-order model is adequate since (P-level) (0.000) is less than the 
significant level (0.05) which means that the model is significant at 95% 
confidence Ievel (Montgomery, 2005). This implies that the second order model 
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is more adequate to predict the chip-tool interface temperature in the present 
context. 
Table 4.8(d) shows verification of the test results. The predicted 
machining parameters performance was compared with the actual machining 
performance and a good agreement was obtained between these performances. 
The above second-order model for chip-tool interface temperature of EN-31 steel 
is of great importance to the proper selection of machining parameters during the 
machining of the cylindrical parts. 


















1 110 0.15 0.7 0.8 15 399.028 401 -0.50 
2 39 0.10 0.5 0.4 10 235.957 230.91 2.14 
3 112 0.15 0.4 1.2 10 365.988 370.80 -1.32 
4 200 0.06 0.2 0.4 20 303.78 300.80 0.98 
5 114 0.13 0.4 0.8 10 359.931 365.84 -1.64 
6 189 0.05 0.6 1.2 151303.380 305.41 -0.67 
Similar processing was done for regression analysis and ANOVA tables 
for first-order and second-order models of cutting forces, surface roughness, tool 
wear rate, chip-thickness, chip micro-hardness and power consumption for dry 
and wet machining with solid-liquid lubricants were prepared and the 
significance of the models was studied. The final significant models are listed in 
Annexure II and some of the models have already been reported (2010). Only 
significant parameters and their coefficient are included in the final second-
order equation. The remaining insignificant parameters are omitted. The 
student's t-test was applied to determine the significance and non-significance 
of these parameters and their coefficients at 95% confidence level for all the 
models. The adequacy of the models was tested by using ANOVA technique at 
confidence level of 95%. 
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Fit and summary result suggests that almost all second-order response 
surface mathematical models, detailed in Annexure II, are the most suitable 
mathematical models for predicting the machinability responses (output) in 
turning of EN-31 steel. 
The approximate responses can be forecasted from the model equations listed 
below for the values of various parameters in the following ranges. 
Cutting speed, 	 39:5 V : 189 m/min 
Feed rate, 	 0.06 <F 0.15 mm/rev 
Depth of cut, 	 0.2 	0.6 mm 
Tool nose radius, 	 0.4:R: 1.2 mm 
Concentration of solid lubricants 10% 4 C : 20% 
Final adequate generalized machinability regression models for dry machining 
(Analysis given in Annexure II) 
Td=-56.20+4.49 v+851 f+238 d-29.80r-0.0132vz -0.838 vd 	(4.11) 
Fcd=84.10+0.174v+853f+110d+42.Or-1.73of 	 (4.12) 
Ff, =107+ 84.7f+21.7d+52.10fr 	 (4.13) 
Rad = 8.98 + 28.60 f+ 3.03 d - 0.567 r + 0.0000 18 v2 - 0.0699 vf 	(4.14) 
Twd = -0.0135 + 1.05 f+ 0.000015 V2 + 0.0116 of - 0.000478 yr 	(4.15) 
tca 0.441 + 0.730 f- 0.0205 r- 0.0430 dr 	 (4.16) 
VFIN4=1153-0.0664v+321f+105d-35.10r 	 (4.17) 
Pd = 333+107 v + 562 vf+ 98.5 vd + 51.5 yr 	 (4.18) 
Final adequate generalized machinability regression models for flooded, coolant 
machining (Analysis given in Annexure II) 
Tf= 14.4+2.16v+856f+218d-25.90r-0.00317vz -0.717vd 	(4.19) 
Fef= 99.80 - 0.198 v+ 552f+ 165 d+0.119  yr + 175 ft 	 (4.20) 
Fff= 94.20 + 149 f+ 19 d + 7.40 r 	 (4.21) 
Rat= 7.76+3510 f+ 5.05 d - 0.609 r + 0.000021 v2- 0.0653 vf- 19.30 fd (4.22) 
Twf= 0.0250 + 0.000010 v2 - 0.000436 yr + 0.0194 vf 	 (4.23) 
tcr= 0.438 + 0.000110 v + 0.686 f -0.0737d -0.0333 r 
- 0.00 124 vf+ 0.396 fd 	 (4.24) 
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Pr= 910 +514v+653 of + 158 vd + 39.7 yr 	 (4.25) 
Final adequate generalized machinability regression models for graphite+SAE40 oil 
machining (Analysis given in Annexure U) 
Tg =-25.90+4.01v+692f+277d-64.20 r- 0.0124 v2 + 1.07vf--0,828vd +0.10 
yr-489fd+219fr 	 (4.26) 
Fcg =179-0.157v--40.40d+1337fd+223fr 	 (4.27) 
Ffg =97.6-0.119v+251f+41.30d-1.79c+0.285vf- 140fd+0.352rc (4.28) 
Rag =9.25- 0.0117v+21.80f+3.62d+0.000049v2 
-0.0512vf+0.00309vr-.93 dr 	 (4.29) 
Tw$ _ -0.0955+000332 v - 0.000009 v2 + 0.0247 of -- 0.00123 yr 	(4.30) 
tcg = 0.356 + 0.000362 v + 0.673 f+ 0.110 d 
- 0.000002 v2 - 0.000006 ve + 0.123 fr -- 0.0864 dr 	 (4.31) 
Pg =1165+71.2v+709vf+98.7vd +23.0vr (4.32) 
Final adequate generalized machinability regression models for MoS2 + SAE-40 oil 
machining (Analysis given in Annexure II) 
Tm = -24.909+ 3.762 v + 613.987 f +262.63d  -55.23r -0,184c-0.012v2  -
0.918 of - 0.819 v d + 0.132 yr - 393.469 fd + 203.880 fr +0.772 fc - 20.441 dr + 
0.162 do+ 0.100rc 	 (4.33) 
FCm = 123 - 0.270 v + 616 f -1.23 of + 0.0137 vc + 1025 fd 
+106 fr- 17.30fc 	 (4.34) 
Ffm = 61.10 + 104f + 23.90 d + 10.90r-0.000157v2 	 (4.35), 
Ra, = 7.70 + 30.40 f + 4.97d - 1.45 r + 0.0793 c - 0.0281 of - 10.60 fd - 0.554 fc - 
0.137dc + 0.0548 rc 	 (4.36) 
Twn, = -0,147 + 0.00143 v + 0.740 f+ 0.488 d 
+ 0.00729 of - 0.205 dr-0.00533 do 	 (4.37) 
tcm = 0.378 + 0.557 f- 0.0325 r- 0.000001v2 + 0.0430 dr 	 (4.38) 
P.= 119+62.6v-- 10873d+352 c+581vf+ 113 vd 
+ 101460fd + I1777fr - 2897fc 	 (4.39) 
Final adequate generalized machinability regression models for boric acid + SAE-40 
oil machining (Analysis given in Annexure II) 
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Tb = -32.511 + 3.579 v + 546.985 f +263.434d  -36.058r +0.177o-0.011v2  + 
0.945 of - 0.743 v d + 0.062 yr + 0.002 vc - 395.545 fd + 244.759 fr + 1.228 fc - 
33.071 dr + 0.017 do - 0.664 rc 	 (4.40) 
Fcb=58.7-0.61v+466f+94.6d+33.5r+0.00195v2 +860fd-39.10dr (4.41) 
Ffb=46.9-0.201v+119f+40.30d+13.40r 
+ 0.000591w - 0.0637vd - 76.5fr 
	
(4.42) 
Ral, = 5.54 + 36.4 f+ 4.46 d + 0.106 c + 0.000021v2 
- 0.00867 vd - 0.00486 yr -15.10 fd - 0.789 fc 	 (4.43) 
Twb = - 0.109+0.000804v+ 0.831 f+0.0993  r + 0.000004 v2 
+ 0.00457 of - 0.120 dr + 0.0141 do - 0.00616 rc 	 (4.44) 
teb = 0.384 - 0.000967 v + 0.523 f- 0.0246 r + 0.00123 c 
+ 0.000002v2 + 0.000410 vd - 0.359 fd - 0.149 fr + 0.0342 dr 	(4.45) 
Pb= 3839-  34671f- 8775 d + 782vf + 136 vd 
+ 11.0 vr+ 102078fd 
	
(4.46) 
With the model equations obtained, a designer can subsequently select the best 
combination of design variables for achieving optimum machinability indices during 
EN-31 steel turning process. This eventually reduces the machining time, operation 
efforts, cost and save the cutting tools. A good combination among the cuttiing speed, 
feed rate, depth of cut, tool nose radius and concentration of lubricants can provide 
better machinability performance during machining EN-3 1 steel. 
4.19 Contribution of the effect of different machining parameters on chip-tool 
interface temperature 
Analytical Hierarchy Process has been applied to investigate the influence of 
different machining parameters on chip tool interface temperature during turning EN 
31 steel. The procedure used for this analysis as described in section 3.8 is explained 
in the following steps. 
1. 	Construction of a pair wise comparison matrix using a scale of relative 
importance: 
Assuming factors (that is, criteria), the pair wise comparison of factor i with 
factor j yield a square. AMNXN where as denotes the comparative importance of factor i 
with respect to factor j. In the matrix, a j = 1 where i =j and aji = 
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V F D R C 
V 1 7 7 89 
F1 /7 1 5 64 
A155  =D 117 1/5 1 3 2 
R 1/8 1/6 1/3 1 1 
C 1/9 1/4 112 1 1 
3. 	Determination of relative normalized weight (W;) of each factor by using 
equation (3.24) and equation (3.25) given in section 3.8 
W1 = 0.61084, W2 = 0.2105 1, W3 = 0.08381, W4 = 0.04413, Ws = 0.05069 
0.61084 
0.21051 
A25,1 = 0.08381 
0.04413 
0.05069 
Matrix A3 5,,1 is calculated as A3 5x1= A15x5 x A25 x i 
3.48033 
1.18435 
A351  = 0.44694 
0.23420 
0.25722 
A3sr,1, 7 can be worked out which is nothing but the average of matrix 
A4sxi (A45x1= A35xl / A25x1) and can be expressed as 
N 
1 = - (A35K1 ). /W 	 (4.47) 
= 5.39 
If the value of A.av$ is closer to the number of attributes n, the result of more 
consistent. The deviation from consistency is represented by Consistency Index (CI) 
and obtained by formula 
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A. 
 —n  Cl—°`5.39-5-0.39_0.0975 
n-1 	5-1 	4 (4.48) 
Random Index or correction for random error is denoted by RI and their 
values for different values of attributes (n) are given by Saaty as follow: 
Table 4.9 RI Values of different values of n 
N 1 2 3 4 5 6 7 8 9 
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 
In this example n = 5, RI = 1.12 
Consistency Ratio (CR), which is the ratio of Consistency Index (Cl) to the 
Random Index (RI), is calculated. This ratio CR = Cl/RI = 0.0975/1.12 = 0.08 which 
is less than allowed CR of 0.1 and hence acceptable. Thus there is good consistency in 
choices of parameters made. The criticality of parameters is ranked in Table 4.10. 
Table 4.10 Ranking of Criticality of the Parameters 
Ra 	of  
Criticality 
1 2 3 4 5 
Parameters Cutting Feed rate Depth of Lubricant Tool nose 
speed (F), cut (D), Concentration,(c) radius R, 
(V), .(mm/rev) (mm) % (mm) 
(m/min) 
AHP score 61.084% 21.051% 8.381% 5.069% 4.413% 
From Table 4.10 it can be concluded that the different machining parameters 
influence the chip-tool interface temperature in the following order. 
1) Cutting speed, 2) feed rate, 3) depth of cut 4) lubricant concentration and 5) tool 
nose radius 
The cutting speed has the maximum effect and tool nose radius has the least 
effect. The consistency ratio is less than 10%. So, there is enough evidence to accept 
the results. 
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4.20 Selection of Lubricant by Combined Multiple Attribute Decision-Making 
Methods 
The main objective is to select a right lubricant from amongst a number of 
lubricants during the machining of En-31 steel work piece with tungsten carbide 
inserts by using combined multiple attribute decision—making method. The procedure 
is based on a combined TOPSIS and AMP method as described in Section 3.8. 
Step 1: 
The objective is to select a right lubricant among a number of lubricants. The 
lubricant selection factors are identified. These are chip-tool interface temperature, 
cutting force, tool wear and surface roughness. Higher values of chip-tool interface 
temperature increase the surface roughness ' of the products, and geometric and 
dimensional inaccuracy of the work piece. The main cutting force affects the rating of 
the motor driving the work piece and higher values of cutting force means increased 
power consumption during steel turning process (Abhang et al. 2010). Tool wear 
greatly affects the chip-tool interface temperature, at cutting zone temperature is 
higher which makes the softening of cutting edge of the tool i.e. tool wear. Generally 
the cutting force fluctuates about a mean value as the cutting proceeds with time, this 
continuous until the tool wear reaches the maximum value. Therefore, the cutting 
force increases rapidly due to the rapid tool wear characteristics and more friction 
between tool and work piece, then increase the chip-tool interface temperature during 
turning operation. Cutting zone temperature, tool wear, cutting forces and surface 
roughness are hence desired to be low. Thus, cutting zone temperature, cutting force, 
tool wear and surface roughness are non-beneficial factors and therefore lower values 
are desirable. For this selection the turning operation has been conducted on En-31 
steel rods with the CNMA1 20408 tungsten carbide inserts, cutting -velocity, feed rate, 
depth of cut and lubricant conditions are suitably selected and given in Table 4.11. 
The experimental results are shown in Table 4.12. It required deciding the significant 
factors to obtain degree of lubricant from cutting temperature, cutting force, tool wear 
and surface roughness by combined analytic hierarchy process with TOPSIS method 
(AHP+TOPSIS). The preferences are quantified by using a nine-point scale. The 
meaning of each scale measurement is explained in section 3.8 (Table 3.10). The pair 
wise comparisons are given in terms of how much criteria A (factor-1) are more 
important than criteria B (factor-2). The pair wise comparison data are organized in 
the form of a matrix and are summarized on the basis of Saaty's eigen-vector 
procedure, in the absolute priorities weights that will be used to calculate the overall 
scale of each lubricant. 
Table 4.11 Experimental conditions 
Process parameters Cutting speed,V=112m/min, feed rate, F= 0.10mm/rev, 
depth of cut, D = 0.4mm, tool nose radius, R = 0.8mm 
1) Dry, (Absent) 
Environments 2) Wet (soluble oil Koolkut-40 emulsion 
(Lubricants) strength 5-10% with water in the ratio of 
1.20), 
3) MQL(solid-liquid) 
(a) 10% graphite + SAE-40 base oil, 
(b) 10% MoS2 + SAE-40 base oil, 
(c) 10% boric acid + SAE-40 base oil, 
(d) 15% graphite + SAE-40 base oil, 
(e) 15% MoS2 + SAE-40 base oil and 
(f) 15% boric acid + SAE-40 base oil, 
(g) Pure SAE-40 base oil etc. 
Table 4.12 Lubricants used in steel turning operation 
Sr. Lubricant Tc Fc Tw Ra 
No. (°c)* (N)* (mglnun)* (p)* 
I Absent (dry cutting) 427 253.61 0.338 12.51 
2 wet 390 221.60 0.336 10.97 
3 10% graphite +SAE-40 363 228 0.276 10.74 
base oil 
4 10% MoS2+SAE-40 351 230 0.274 10.68 
base oil 
5 10% boricacid + SAE-40 320 155.20 0.249 10.48 
base oil 
6 15% graphite +SAE-40 386 218 0.280 10.70 
base oil 
7 15% MoS2+SAE-40 365 228 . 	0.276 	. 10.53 
base oil 
8 15% boricacid + SAE40 326.88 156.96 0.247 10.45 
base oil 
9 SAE-40 base oil 378 229 0.335 10.80 
*Average of three experimental results 
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Step 2: 
The. next step is to represent all the information available of attributes in the 
form of decision matrix as shown in Table 4.12, 
Step 3: 
The quantitative values of the lubricant attributes, given in Table 4.12, are 
normalized, as explained in section 3.8 (step: 3, Eq. 3.28). Normalized matrix: 
R, = I 
0.4660 0.39180 0.3888 0.3717 
0.4256 0.34250 0.3853 0.3735 
0.3961 0.35223 0.3170 0.3191 
0.3830 0.35530 0.2920 0.3173 
0.3492 0.23970 0.2860 0.3114 
0.4212 0.33679 0.3220 0.3179 
0.3983 0.35220 0.3170 0.3128 
0.3558 0.24240 0.2840 0.3105 
0.4125 0.35370 0.3850 0.3185 
Step 4: (Decision matrix) 
The relative importance of attributes (au) is assigned using the ABP method, 
as per the procedure outlined in section 3.8. 
Decision matrix: [A] 4,ta matrix 
Tc Fc Tw Ra 
Tc 1 7 7 9 
Fc 
[A]44= 
117 1 1 5 
Tw 1/ 7 1 1 3 
Ra 119 115 1/3 1 
Now to find the relative normalized . weight (Wj) of each factor by (i) 
calculating the geometric mean of ith row, and (ii) normalizing the geometric means 
of rows in the comparison matrix. 
GM1 =(1 x7x7x9)"4 =4.60, GM2=(1/7x 1 x 1 x5)'4 =0.92, GM3 =(117 
x 1 x 1 x 3)"4 =0.809, GM4=(1/9x 1/5 x 1/3 x 1)x'4 =0.30 
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Matrix A341 is calculated as A34X1= A14x4 X  A24xi 
2.925 
0.583 
A34x1 - 0.494 
0.190 
A341, Amax can be worked out which is nothing but the average of matrix 




Z(A34X1 ) IW 	 .(4.49) -, 
aavg =4.20 
If closer the value of ?vg  to the number of attributes n, the result is more 
accurate. The deviation from accuracy is represented by consistency index (CI) and 
obtained by formula. 
C _? —n _4.20=0.20 _0.066 	 (4.50) 
n-1 4-1 3 
Random Index or correction for random error is denoted by RI and its value 
for different values of attributes (n) are given by Saaty as shown in Table 4.9 in 
section 4.19. 
In this example n = 4, RI = 0.90 
Consistency Ratio (CR), which is the ratio of Consistency Index to the 
Random Index, is calculated. This ratio CR = Cl/RI = 0.066/0.90 = 0.0733 which is 
very less than allowed CR of 0.1 and hence acceptable. Thus, there is good 
consistency in choices of parameters made. It is thus approved that the decision 
matrix we took is right. We can thus proceed with solving the problem by deciding 
beneficial and non-beneficial attributes. 
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Step 5: 
The weighted normalized matrix Vij is calculated, as explained in section3.8 
(step-5). 
0.3233 0.00545 0.4760 0.0165 
0.2953 0.04770 0.0472 0.0166 
0.2748 0.0490 0.0388 0.0141 
0.2657 0.0495 0.0358 0.0140 
0.2423 0.0334 0.0350 0.0138 
0.2922 0.0469 0.0394 0.0141 
0.2763 0.0490 0.0388 0.0139 
0.2469 0.0337 0.0348 0.0138 
0.2862 0.0492 0.0471 0.0141 
Step 6: 
The next step is to obtain the ideal (best) and negative ideal (worst) solutions 
using equation 3.32 and equation 3.33 given in section 3.8 (step-6), respectively. 
These are given as: 
VT,+  = 0.2423 VT, = 0.3233 
VFC+  = 0.0334 VFC = 0.0545 
VT,+ = 0.0348 Vrw = 0.0476 
VSr+ =0.0138 Vs1 	0.0166 
Step 7: 
Here, the separation measures are obtained using equations 3.34 and equation 
3.35 given in section 3.8 (step-7). These are: 
Si = 0.085090 	 Sf = 0.000100 
S2+ = 0.056347 S2 = 0.028800 
0.036270 S3" = 0.049660 
S4+ = 0.028390 S4 = 0.059069 
S5+'= 0.000200 S5'= 0.084692 
	
S6*  = 0.051800 	 S6 = 0.0331428 
S7} = 0.037620 	 S7 = 0.0482076 
S$+ = 0.004000 	 S8 = 0.0802570 




The relative closeness of a particular alternative to the ideal solution is 
calculated using equation 3.36 (section 3.8, step - 8), and these are: 
P(i) = 1.173x10-3, P(2) 0.338235, P(3) = 0.5779156, P(4) = 0.6753907, 
P(s) = 0.997644, P(6) = 0.3901778, P(7) = 0.5616794, P(S) = 0.9525264, 
P(9) = 0.4377308 
This relative closeness to ideal solution can be considered as the "Global 
Lubricant Index (GLI)." 
Step 9: 
The lubricants are arranged in descending order according to their global 
lubricant index as shown in Table 4.13. This can be arranged as: 
5-8-4-3--7-9-6-2--1. 





Types of Lubricants 
05 (1) 0.9965 10% boric acid in SAE-40 base oil 
08 (2) 0.9560 15% boric acid in SAE-40 base oil 
04 (3) 0.677 10% MoS2 in SAE-40 base oil 
07 (4) 0.6041 15% MoS2 in SAE-40 base oil 
03 (5) 0.5726 10% graphite in SAE-40 base oil 
09 (6) 0.445 SAE-40 base oil 
06 (7) 0.4328 15% graphite in SAE-40 base oil 
02 (8) 0.289 Wet (conventional coolant) 
01 (9) 1.243*10" Absent (dry) 
From the above calculation of lubricant index, it is clear that the 10% boric 
acid mixed with SAE-40 base oil by weight is the best minimum quantity lubricant 
(MQL) amongst all for turning En-3 I steel alloy for given machining conditions. This 
result agrees with (Abhang et at. 2010). 
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The next alternative is 15% boric acid in SAE-40 base oil. The lubricants 10% 
and 15% boric acid in SAE-40 base oil are close competitors. The 10% boric acid 
offers -overall lowest values of chip-tool interface temperature and cutting forces. 
Lubricant 10% MoS2 in SAE-40 base oil offers the next lowest values of tool wear 
rate and surface roughness during steel turning operation. Thus taking into 
consideration all the four lubricant factors simultaneously, 10% boric acid in SAE-40 
base oil is proved to be the best minimum quantity lubricant as compared to other 
lubricants. The above results, determined using the combined TOPSIS and analytical 
hierarchy process (AHP), agree well with the experimental results (Abhang et al. 
2010). It may be noted that the above ranking of lubricants may be change if the user 
assigns different relative importance values to the attributes. The proposed combined 
TOPSIS-AHP method offers more objective, flexible, simple, weights of relative 
importance, checks the consistency mode in judgments and is applicable to any type 
of metal cutting operations in metal machining industries on shop floor area. Further 
more, the combined TOPSIS-AHP method can consider any number of quantitative 
and qualitative lubricant criteria (attributes) simultaneously, and offers more objective 
and logical approach. 
4.21 MULTIOBJECTIVE OPTIMIZATION OF MACHINABILITY 
INDICES 
The multi-variable responses of the machinability parameters in turning EN31 
steel under different machining environments have been optimized by using RSM 
with Grey Relational Analysis coupled with Principal Component Analysis and 
reported as under. The detailed procedure for optimization of multiperformance 
characteristics under minimum quantity lubrication using boric acid and SAE-40 base 
oil has been described. 
Optimization of multi-performance characteristic in turning with boric acid + SAE-40 
base oil: 
In the turning process, lower surface roughness, cutting temperature, cutting 
forces, tool wear and lower chip thickness are indications of better performance. For 
data preprocessing in the grey relational analysis process all the responses are taken as 
"lower is the better." Table 4.14 and Table 4.15 show the sequences after the grey 
relational generation and the deviation sequences respectively. 
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Table 4.14 Data preprocessing of each performance characteristic in 









Ra (µm) Tw 
(mg/min) 
Tc (mm) 
1 0.053746 0.169885 0.434449 0.397022 0.106498 0.476923 
2 0.520091 0.074829 0000 0.176179 0.777978 0.307692 
3 0.339813 0.594976 0.540273 0.531017 0.48556 0.584615 
4 0.769529 0.465759 0.033457 0.439206 0,987365 0.269231 
5 0.124356 0.53225 0.70855 0.377171 0.236462 0.676923 
6 0.727207 0.385066 0.330855 0.332506 0.877256 0.346154 
7 0.390839 0.842326 0.804213 0.779156 0,599278 0.953846 
8 0.999746 0.729356 0.491945 0.724566 0,983755 0.453846 
9 0000 0.153747 0.553903 0.143921 0000 0.400 
10 0.4596 0.067674 0.135068 0000 0.6841 16 0.076923 
11 0.224124 0.729356 0.631722 0.560794 0,189531 0.538462 
12 0.567926 0.611007 0.290211 0.377171 0.882671 0.276923 
13 0.062312 0.670181 0.702602 0.30273 0.194946 0.469231 
14 0.696018 0.514175 0,407187 0.253102 0.862816 0000 
15 0.338797 0.869224 0.832466 0.585608 0.49639 0.676923 
16 0.884456 0.820808 0.727385 0.575682 0.965884 0.230769 
17 0,072061 0.159126 0.380421 0.255583 0.17148 0.553846 
18 0.524262 0000 0.068154 0.186104 0.792419 0.330769 
19 0.291652 0.710366 0.504337 0.784119 0.431408 0.769231 
20 0,750961 0.499112 0,083024 0.501241 1.000 0.461538 
21 0.137695 0.52601 0.776952 0.441687 0.16426 0.846154 
22 0.674128 0.417344 0.454771 0.290323 0.855596 0.307692 
23 0.402517 0.943354 0.73482 1.000 0.431408 1.000 
24 1.000 0.675 561 0.454771 0.823 821 0.981949 0.461538 
25 0.01603 0.212922 0,3886 0,200993 0.138989 0.415385 
26 0.467397 0.105331 0.125155 0.029777 0.761733 0.176923 
27 0.241057 0.65727 0.628253 0.511166 0.630769 
28 0.577428 0.481898 0.231722 0.439206 
A0.34657 
0.384615 
29 0.071879 0.637904 0.747212 0.158809  0.500 
30 0.700515 0.57335 0,400248 0,183623 0.169231 
31 0.350656 1.000 1.000 0.784119 0.413357 0.930769 
32 0.889933 0.848782 0.702602 0.903226 0.998I95 0.307692 
33 0.19881 0.535693 0.57373 0.411911 0.629964 0.538462 
34 0.242482 0.606703 0.52912 0.62531 0.648014 0.584615 
35 0.281896 0,657593 0.532342 0.528536 0.684116 0.546154 
36 0.213498 0.597558 0.479554 0.575682 0.628159 0.561538 
37 0.238631 0.60482 0.593556 0.498759 0.687726 0.461538 
38 0.243788 0,657593 0.631722 0.506203 0.67148 0.630769 
39 0.213052 0.552047 0.526146 0.602978 0.597473 0.546154 
40 0.295496 0.589488 0.640644 0.439206 0.655235 0.592308 


















1 0.946254 0.830115 0.565551 0.602978 0.893502 0.523077 
2 0.479909 0.925171 1.000 0.823821 0.222022 0.692308 
3 0.660187 0.405024 0.459727 0.468983 0.51444 0.415385 
4 0.230471 0.534241 0.966543 0.560794 0.012635 0.730769 
5 0.875644 0.46775 0.29145 0.622829 0.763538 0.323077 
6 0.272793 0.614934 0.669145 0.667494 0.122744 0.653846 
7 0.609161 0.157674 0.195787 0.220844 0.400722 0.046154 
8 	. 0.000254 0.270644 0.508055 0.275434 0.016245 0.546154 
9 1.000 0.846253 0.446097 0.856079 1.000 0.6 
10 0.5404 0.932326 0.864932 1.000 0.315884 0.923077 
11 0.775876 0.270644 0.368278 0.439206 0.810469 0.461538 
12 0.432074 0.388993 0.709789 0.622829 0.117329 0.723077 
13 0.937688 0.329819 0.297398 0.69727 0.805054 0.530769 
14 0.303982 0.485825 0.592813 0.746898 0.137184 1.000 
15 0.661203 0.130776 0.167534 0.414392 0.50361 0.323077 
16 0.115544 0.179192 0.272615 0.424318 0.034116 0.769231 
17 0.927939 0.840874 0.619579 0.744417 0.82852 0.446154 
18 0.475738 1.000 0.931846 0.813896 0.207581 0.669231 
19 0.708348 0.289634 0.495663 0.215881 0.568592 0.230769 
20 0.249039 0.500888 0.916976 0.498759 0000 0.538462 
21 0.862305 0.47399 0.223048 0.558313 0.83574 0.153846 
22 0.325872 0.582656 0.545229 0.709677 0.144404 0.692308 
23 0.597483 0.056646 0.26518 0000 0.568592 0000 
24 0000 0.324439 0.545229 0.176179 0.018051 0.538462 
25 0.98397 0,787078 0.6114 0.799007 0.861011 0.584615 
26  0.532603 0.894669 0.874845 0.970223 0.238267 0.823077 
27 0.758943 0.34273 0.371747 0.488834 0.65343 0.369231 
28 0.422572 0.518102 0.768278 0.560794 0.030686 0.615385 
29 0.928121 0.362096 0.252788 0.841191 0.82491 0.5 
30 0.299485 0.42665 0.599752 0.816377 0.149819 0.830769 
31 0.649344 0000 0000 0.215881 0.586643 0.069231 
32 0.110067 0.151218 0.297398 0.096774 0.001805 0.692308 
33 0.80119 0.464307 0.42627 0.588089 0.370036 0.46153-8 
34 0.757518 0.393297 0.47088 0.37469 0.351986 0.415385 
.35 - 	0.718104 0.342407 0.467658 0.471464 0,315884 0.453846 
36 0.786502 0.402442 0.520446 0.424318 0.371841 0.438462 
37 0.761369 0.39518 0.406444 0.501241 0.312274 0.538462 
38 0.756212 0.342407 0.368278 0.493797 0.32852 0.369231 
39  0.786948 0.447953 0.473854 0.397022 0.402527 0.453846 
40 0.704504 0.410512 0.359356 0.560794 0.344765 0.407692 
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After this, data pre-processing is carried out. A grey relational coefficient is 
calculated with the pre-processed sequence. It expresse the relationalship between the 
ideal and actualy normalized experimental results. The grey relational coefficient for 
each experiment of the factorial design is calculated using Eq.3.41given in section 3.8 
and the same is presented in Table 4.16. 









Ra (tm) Tw 
(mg/min) 
Tc (mm) 
1 0.345721 0.375907 0.469241 0.453318 0.358808 0.488722 
2 0.510252 0.350835 0.333333 0.377694 0.6925 0.419355 
3 0.430965 0.55247I 0.520981 0.516005 0.492883 0.546218 
4 0,68449 0.483446 0.340938 0.471345 0.975352 0.40625 
5 0.363466 0.516662 0.631752 0.445304 0.395714 0.607477 
6 0.647004 0.448457 0.427663 0.428268 0.802899 0.433333 
7 0.450791 0.760255 0.718611 0.693632 0.55511 0.915493 
8 0.999493 0.648808 0.496005 0.6448 0.968531 0.477941 
9 0.333333 0.371401 0.528487 0.36871 0.333333 0.454545 
10 0.480584 0.349083 0.366319 0.333333 0.612832 0.351351 
11 0.391888 0.648808 0.575853 0.532365 0.381543 0.52 
12 0.536438 0.562434 0.413295 0.445304 0.809942 0.408805 
13 0.347781 0.602541 0.62704 0.417617 0.383126 0.485075 
14 0.621904 0.507189 0.457535 0.400995 0.784703 0.333333 
15 0.430588 0.792674 0.749025 0.546811 0.498201 0.607477 
16 0.81229 0.736169 0.647153 0.54094 0.936127 0.393939 
17 0.350155 0.372891 0.446597 0.401795 0.376359 0.528455 
18 0.512433 0.333333 0.349199 0.380548 0.706633 0.427632 
19 0.413788 0.633205 0.502178 0.69844 0.467905 0.684211 
20 0.667522 0.499557 0.352864 0.500621 1.000 0.481481 
21 0.367025 0.513352 0.691517 0.47245 0.374324 0.764706 
22 0.605421 0.461827 0.478364 0.413333 0.77591 0.419355 
23 0.455588 0.898236 0.653441 1.000 0.467905 1.000 
24 1.000 0.606473 0.478364 0.73945 0.965157 0.481481 
25 0.336934 0.388477 0.449883 0.384909 0.367374 0.460993 
26 0.484213 0.358508 0.363677 0.340084 0.677262 0.377907 
27 0.397159 0.59331 0.573561 0.505646 0.43349 0.575221 
28 0.541963 0.49111 0.394235 0.471345 0.942177 0.448276 
29 0.35011 0.579982 0.664198 0.372803 0.377384 0.5 
30 0.625403 0.539578 0.454648 0.37983 0.769444 0.375723 
31 0.435031 1.000 1.000 0.69844 0.460133 0.878378 
32 0.819582 0.767791 0.62704 0.837838 0.996403 0.419355 
33 0.384264 0.518507 0.539799 0.459521 0.574689 0.52 
34 0.397609 0.559724 0.514997 0.571631 0.586864 0.546218 
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35 0.410474 0.593537 0.516711 0,514687 0.612832 0.524194 
36 0.388651 0.554052 0.489982 0.54094 0.573499 0.532787 
37 0.396395 0.558547 0.551606 0.49938 0.615556 0.481481 
38 0.398022 0.593537 0.575853 0.503121 0.603486 0.575221 
39 0.388516 0.527452 0.513424 0.5574 0.554 0.524194 
40 0.415109 0.549142 0.581831 0.471345 0.59188. 0.550847 
PCA is used to determine the corresponding weighting values for each 
performance characteristic to reflect its relative importance in the grey relational 
analysis. The grey relational coefficient data were used to evaluate the correlation 
coefficient matrix and to determine the corresponding eigen-values from Eq.3.46 
(section 3.8). The eigen-values are shown in Table 4.17. 
Table 4.17 Eigen-values and explained variation for principal components 
Principal component Eigen value Explained variation (%) 
First 3.1183 52.00 
Second 2.1198 35.30 
Third 0.4442 7.40 
Fourth 0.1481 2.50 
Fifth 0.1291 2.20 
Sixth 0.0404 0.70 
The Eigen vector corresponding to each Eigen value is listed in Table 4.18: 
Table 4.18 Eigenvectors for principal components 
Quality First Second Third Fourth Fifth Sixth 
characteristic principal principal principal principal principal principal 
component component component component component component 
Cutting 0.128 0.643 0.119 0.193 0.665 0.276 
temperature 
Cutting force 0.491 0.277 0.303 0.239 0.409 0.605 
Feed force 0.504 0.049 0.645 0.152 0;198 0,516 
Surface 0.418 0.370 0.513 0.519 0.120 0.375 
roughness 
Tool wear 0.231 0.602 0.033 0.339 0.580 0.363 
Chip- 0.511 0.089 0.462 0.706 0.004 0.139 
thickness 
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The square of the Eigen value matrix represents the contribution of the 
respective performance characteristic to the principal component. The contribution of 
temperature, cutting force, feed force, . surface roughness, tool wear rate and chip 
thickness are shown in Table 4.19. 
Table 4.19 Contribution of each individual quality characteristic on 
principal component 
Quality characteristic Contribution 
Cutting temperature 0.02 
Cutting force 0.241 
Feed force 0.25 
Surface roughness . 0.175 
Tool wear 0.053 
Chip thickness 0.261 
These contributions are indicated as 0.02, 0,241, 0.25, 0.175, 0.053 and 0.261. 
Moreover, the variance contribution for the first principal component characterizing 
the six performance characteristics is as high as 52.00%. Hence, for this analysis, the 
squares of its corresponding Eigen vectors were selected as the weighting values of 
the related performance characteristic, and coefficients wl, w2, w3, w4, w5 and w6 in 
equation 3.47 were there by set as 0.02, 0.241, 0.25, 0.175, 0.053 and 0.261 
respectively. Based on equation 3.43 given in section 3.8 and data listed in Table 
4.16, the grey relational grades were calculated as shown in Table 4.20. 
Table 4.20 Grey relational grades (boric acid + SAE-40 oil) 










































Figure 4.48 Grey relational grades for the multi-performance 
(boric acid + SAE-40 oil) 
According to the performed experimental design, it is clearly observed from 
Table 4.21 and Figure 4.48 that the turning parameters setting of run 23 have the 
highest grey relational grade. Therefore run 23 is the optimal machining parameters 
setting for minimum response of multi-performance characteristic (i.e. the best multi-
performance characteristics) among the 40 runs. In addition to the determination of 
optimum turning parameters for minimum response of multi-response characteristics, 
the response table for the factorial design method was used to calculate the average 
grey relational grade for each level of the turning parameters. 
Grouping of grey relational grades by factor level for each column in the 
factorial design is done according to the following procedure. 
i) 	Take the average of them, for example, the grey relational grade for factor V 
at level l can be calculated as follows. 
Levell (V) = 1/16 (0.389963 + 0.454723 + 0.458059 + 0.587779 + 0.367681 
+ 0.477014 + 0.447545 + 0.602354 + 0.393223 + 0.487428 + 0.46578 + 0.590384 + 
0.380888 + 0.476977 + 0.461232 + 0.666703) = 0.4817 
The grey relational grade values for each level of the turning parameters 
were calculated using the same method. The gray relational grade represents the level 
of correlation between the reference sequence and the comparability sequence, the 
greater value of the grey relational grade means that the comparability sequence has a 
stronger correlation to the reference sequence (Fung, 2003). In other words, regardless 
of category of the performance characteristics, a greater gray relational grade value 
corresponds to better performance (Tosun, 2006). Therefore, the optimal level of 
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machining parameters is the level with the greatest grey relational grade value. An 
asterisk (*) in table 4.21 indicates the level of a machining parameter (speed, feed, 
depth of cut, nose radius and concentration of MQL lubricant) for optimal 
machinability index. Based on the grey relational grade values given in Table 4.20, 
the optimal machining performance for minimum responses (chip-tool interface 
temperatures, cutting forces, surface roughness, tool wear rate and chip thickness) is 
obtained for higher cutting speed, lower feed rate, lower depth of cut, higher tool nose 
radius and lower concentration of lubricants under MQL cutting (speed, 189m/min, 
feed rate, 0.06 mm/rev, depth of cut, 0.2mm 1.2 mm nose radius and 10% boric acid + 
SAE-40 base oil combination). 
The optimal turning parameter levels can be given as V3F1D1R3C1. 
Figure 4.49 shows the effect of turning parameters on the multi-performance 
characteristics and the response graph of each level of the turning parameters for the 
performance. The higher values in Figure 4.49 give the better multi-performance 
characteristic. 
Table 4.21 Grey relational grades for different levels of machining 
parameters For machining with Boric acid+ SAE-40 oil 
Symbol Turning parameter Levell Level2 Level3 (Max-Mm) 
value 
V m/min Cutting s eed 0.4817 0.53692 0.5871* 0.1054 
F mm/rev Feed rate 0.61196* 0.53692 0.4568 0.15516 
L(mm) De th of cut 0.6053* 0.53692 0.4635 0.1418 
R mn Tool nose radius 0.528331 0.53692 0.5405* 0.01216 
C (%) Concentration of solid 
lubricants 
0.5527* 0.53692 0.5160 0.0367 
The difference between maximum and minimum values of responses 
of grey rational grade are reducing in the order of feed (F 1), depth of cut (D 1), cutting 
speed (V3), concentration of lubricant in MQL (CI) and then nose radius R3. 
So the optimum combinations of these parameters will be V3F1D1R3C1 for 
lowest multi performance characteristi. Figure 4.49 also shows the above results. 










V1 V2 V3 F1 F2 F3 D1 D2 D3 R1 R2 R; Cl C? C3 
Turning parameter level - 
Figure 4.49 Grey relational grades graph for boric acid + SAF,40 oil 
(MQL) machining 
Confirmation test: 
The experiments were conducted at the above mentioned optimal setting to 
check the improvement in the process performance. The results are shown in Table 
4.22. 
Table 4.22 Results of cutting performance using the initial and optimal 
cutting factors 
Performance Initial cutting Optimal cutting Final gain 
parameters parameters 
(V2 F2 D2 R2 C2) (V3 F1 Dl R3 Cl) 
Temperature 	c 344.073 291.83 52.243 
Cutting force 156.96 84.22 72.74 
Feed force (N) 63.12 54.70 8.42 
Surface 9.79 8.19 1.6 
roughness (gm) 
Tool wear rate 0.248 0.240 0.008 
(mg/mn) 
Chip thickness 0.36 0.30 0.06 
(mm) 
From the above table it is evident that the optimum combination of machining 
parameters obtained by the grey relational multi-performance optimization technique 
(using grey relational analysis coupled with principal component analysis and 
response surface method) gives much improvement in all the machinability 
characteristics considered as compared to their values at the initial level. This work 
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demonstrates that this technique is efficient for optimizing number of characteristics 
simultaneously. 
Similar procedure was adopted in dry, flooded and MQL (solid-liquid) 
machining conditions for optimization of multi-performance characteristics and 
results are given in Annexure III 
Regression model for determining Grey rational grade: 
To understand the relationship between the machining parameters and 
the multiple characteristic grey relation grades, a model has been developed using 
response surface methodology as discussed in section 3.8. The analysis of variance of 
the grey relational grade model is shown in Table 4.24. The constants and coefficients 
are shown in Table 4.23. The fit summary recommended that second order model and 
their terms are statistically significant for analysis of grey relational grade at 95% 
confidence level for having p-values less than 0.05. The multiple regression 
coefficient of grey relational grade second order model is 96.13%. This means that the 
second order can explain the variation to the extent of 96.13%. Model F-value of 
63.31 implies that the second order models are, significant as shown in Table 4.24. 
Lack-of-fit is not significant relative to the pure error. Non- significant lack-of-fit is 
good in second order mathematical model. Predicted R2 of 90.62% is in reasonable 
agreement with the adjusted R2 of 94.60% (Table 4.23). Square and interaction terms 
of grey relational grade model are significant because their p-values are less than 0.05 
as shown in Table 4.24. Grey relational grade was found to be significantly affected 
by cutting speed, feed rate, depth of cut tool nose radius and concentration of solid-
liquid lubricants during steel turning process. 
Table 4.23 Grey relational constants and coefficients 
Terms Coefficients T-value P-value 
Constant 0.93491 15.07 0.000 
V 0.001 9232 6.68 0.00 
F -3.0085 -7.06 0.000 
D -0,6405 -6.40 0.000 
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C -0.011309 -3.33 0.002 
V*F -0.004849 -3.45 0.002 
V*D -0.0011769 -3.72 0.001 
V*R 0.00018781 2.16 0.040 
V*C -0.0000260 -2.06 	. 0.049 
F*D 2.4073 4.56 0.000 
F*C 0.05849 2.77 0.010 
D*C 0.011162 2.35 0.026 
	
S = 	 R sq = 96.13% 	Rsq (adj) 	Rsq (pred) 
0.0268581 	 =94.60% 	=90.620/o 
Second-order grey relational grade model: 
Grb = 0.93491 + 0.0019232 v - 3.0085 f- 0.6405 d - 0.011309 c 
-- 0.004849 vf- 0.0011769 vd + 0.00018781vr - 0.000026 vc 
+2.4073 fd+0.05849fc+0.011162do 	 (4.51) 
Table 4.24 ANOVA for second-order grey relational grade model. 
Source DF SS MS F-value P-value 
Model 11 0.502323 0.045666 63.31 0.000 s 
Residual error 28 0.020198 0.000721 - - 
Lack of fit 21 0.018460 0.000879 3.54 0.056 ns 
Pure error 7 0.0001738 0.000248 - - 
Total 39 0.522521 - - - 
From table 4.24 it is concluded that the quadratic grey rational grade model for 
boric acid with SAE-40 given in Eq.4.51 is highly significant_ at 95 % confidence 
level. So, this model can be directly used for calculation of grey rational grades that 
can be used for multi-objective optimization as described above. 
Grey relational theory has been found efficient to convert multiple responses 
into an equivalent single objective function. Thus, the solutions from this method can 
be used by engineers who are willing to search for an optimal solution of metal 
cutting operation. In future, this study can be extended to different metal cutting 
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operation with different work materials and machine tools and hybrid optimization 
technique. 
The procedure, as explained above, has been employed for developing the 
multi-performance grey relational optimization and modeling for all machinability 
indices The grey relational grade analysis models for different machining 
environments are given in equations 4.52 to 4.56 and the complete work-up has been 
provided in Annexure III. 
Grd = 1.34801- 0.0032069 v - 4.7916 f- 0.86023 .d + 0.00001139 v2 
+ 0.004566 vf- 0.0003868 yr + 3.9858 fd + 0.07733 dr 	(4.52) 
Grf = l.09149-0.0023622v-3.3104 f- 0.63385 d +0.11039r  
+ 0.00001013 v2 + 2.9531 fd - 0.8257fr 	 (4.53) 
Grg = 1.13379 - 0.0012040 v - 3.9649 f - 0.75697 d + 0.00000678 V2  
+ 2.7161 fd + 0.08056 dr + 0.005618 do 	 (4.54) 
Grm = 1.12063 - 3.7275 f - 0.666 d - 0.015202 c + 0.00000458v2  
- 0.004414 of+1.8758 fd + 0.08357 fc + 0.011376 dc 	(4.55) 
Grb = 0.93491 ±0.0019232y-3 0085  f-- 0.6405 d-0.011309  c 
- 0.004849 of - 0.0011769 vd + 0.00018781vr - 0.000026 vc 
+ 2.4073 fd + 0.05849 fc + 0.011162 do 	 (4.56) 
These developed grey relational models can be effectively used to 
predict the correlation between machining parameters and multi-performance grey 
relational grade under dry, flooded and solid-liquid (MQL) lubricant/cooling 
machining. The above developed models will help in selecting the best combinations 
of machining parameters for achieving optimum multi-performance (machinability) 
characteristics during steel turning process under given machining environment using 
the steps given above for boric acid + SAE-40 Iubricant (Section 4.21). This 
eventually reduces the machining time, operation efforts, cost and save the cutting 
tools. A good combination among the machining parameters can provide better multi-
performance characteristics (highest grey relational grade). 
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Table 4.25 gives the machinability indices at optimum combinations of cutting 
parameters at different lubricating conditions. 
Table 4.25 Machinability characteristics for optimum cutting parameters 
Lubricating Dry Flooded 10% 10% MoS2 10% boric 
Conditions machining coolant graphite + + SAE- acid + SAE- 
Machinability machining SAE-40 40 oil 40 oil 
Indices °d 
Optimum machining (VI Fl DI (V3 FI Di (V3 F1 DI (V3 F1 Dl (V3 FI D1 
parameters RI) R3) R3 Cl) R3 Cl) R3 Cl) 
Temperature (°c) 186.00 344.00 326.73 314.825 291.83 
Cutting force (N) 176.59 173.23 175.30 130.00 84.22 
Feed force (N) 117.20 115.10 84.20 73.50 54.70 
Surface roughness 10.98 9.90 10.40 9.20 8.19 
(!) 
Tool wear rate 0.066 0.33 0.25 0.290 0.240 
(mg/mi) 
Chip-thickness (mm) 0.472 0.432 0.389 0.35 0.30 
From Table 4.25 the following conclusions may be drawn: 
1. 10% boric acid + SAE-40 base oil is the best minimum quantity lubricant 
technique out of all the methods of cooling/lubricating methods used. It controls 
all the machinability parameters. 
2. Optimum combination of machining parameters for the best machinability are 
cutting velocity 189 m/min, feed rate 0.06 mmlrev, depth of cut 0.2 mm, tool nose 
radius 1.2 mm and MQL (10% boric acid + SAE-40 oil). 
3. Various machinability indices at this optimum combination of cutting parameters 
are chip-tool interface temperature 291.83°c, cutting force 84.22 N, feed force 
54.70 N, surface roughness 8.19 gm, tool wear rate 0.240 mg/min and chip 
thickness 0.30mm. 
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4.22 Cooling Effect of MQL in Steel turning 
The adequate models for cooling efficiency in turning EN-31 steel have been 
developed for minimum quantity lubricants to investigate the cooling efficiency of 
different solid-liquid minimum quantity lubricants used. 




Where, tic is the cooling efficiency, Td is the cutting temperature in dry 
environment and Tmgi is the cutting temperature while using minimum quantity 
lubrication. 
The functional relationship between the cooling efficiency tic of the cutting 
process and the investigated independent variables cutting speed (v) m/min, feed rate 
(f) mm/rev, depth • of cut (d) mm, tool nose radius (r) mm and percentage 
concentration of lubricant (C) in % model is developed using the relationship given 
below 
Assuming exponential relationship, 
roc=k(vm f' 	rP cq) 	 (4.58) 
Where, k is constant of proportionality and m, n, o, p and q are exponents. 
Equation (4.58) will reduce to the following logarithmic form 
Log ilc = log k + m log v + n log f + o log d + p log r + q log c 	(4.59) 
This may represent the following linear mathematical model. 
iC= a,x,+a1x1+a2x2+a3x3+a4x4+a5x5 	 (4.60) 
Where iic is the true response of cooling efficiency on a logarithmic scale, 
xo = 1 (dummy variable), x1, x2, x3, x4 and x5 are logarithmic 
transformation of cutting speed, feed rate, depth of cut, tool nose radius and 
percentage concentration of lubricant respectively, while a4, a,, a2, a3, a4 and as are 
the parameters to be estimated. The equation (4.60) can be written as 
Y1=Y—c=aoxo+a, xi+a2x2 +a3x3+a4x4+asx5 	 (4.61) 
Where Yl is the estimated response and Y is the measured response on a 
logarithmic scale, c is the experimental error and ao, a,, a2, a3, a4 and a5 values are the 
coefficients of the corresponding parameters to be estimated by the method of least 
squares by using Eq. (3.19) given in section 3.8. 
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The following null hypothesis has been considered. 
H(ai=a2=a3 = a4=a5 =0) 
	
(4.62) 
That is to say that none of the factors viz cutting speed, feed rate, depth of cut, 
tool nose radius and percentage concentration of lubricant have a significant influence 
on the cooling efficiency. The cooling efficiency of graphite with SAE-40 oil under 
different machining conditions is tabulated in Table 4.26. 
Table 4.26 Cooling Efficiency of graphite + SAE-40 oil 
Sr. 
No 
X1 X2 X3 X4 X5 Td (°c) Tg (°c) rlcg% 
1 +1 +1 +1 +1 +1 467 434.43 6.9743 
2 -1 +1 +1 +1 +1 310 292.86 5.532 
3 +1 -1 +1 +1 +1 389 362.74 7.00 
4 -1 -1 +1 +1 +1 224 211.16 5.730 
5 +1 +1 -1 +1 +1 439 411.59 6.245- 
6 -1 +1 -1 +1 +1 238 219.09 8.00 
7 +1 -1 -1 +1 +1 350 327.61 6.397 
8 -1 -1 -1 +1 +1 149 141.84 4.810 
9 +1 +1 +1 -1 +1 480 448.71 7.00 
10 -1 +1 +1 -I +1 327 310.88 4.930 
11 +1 -1 +1 -1 +1 403 379.22 6.00 
12 -1 -1 +1 -1 +1 290 276.37 4.700 
13 +1 +1 -1 -1 +1 458 433.36 5.380 
14 -1 +1 -1 -1 +1 249 238.32 4.290 
15 +1 -1 -1 -1 +1 364 344.23 5.431 
16 -1 -1 -1 -1 +1 186 178.22 4.180 
17 +1 +1 +1 +1 -1 467 432.26 7.438 
18 -1 +1 +1 +1 -1 310 290.69 6.230 
19 +1 -1 +1 +1 -1 389 360.02 7.4498 
20 -1 -1 +1 +1 -1 234 228.10 3.00 
21 +1 +1 -1 +1 -1 439 409.06 6.82 
22 -1 +1 -1 +1 -1 258 243.78 5.5130 
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23 +1 -1 -1 +1 -1 350 326.725 6.65 
24 -1 -1 -1 +1 -1 149 141.42 5.087 
25 +1 +1 +1 -1 -1 480 449.38 6,380 
26 -1 +1 +1 -1 -1 327 311.3 4.800 
27 +1 -1 +1 -1 -1 403 376.73 6.5186 
28 -1 -1 +1 -1 -1 290 275.42 5.027 
29 +1 +1 -1 -1 -1 458 429.04 6.323 
30 -1 +1 -1 -1 -1 249 237.69 4.542 
31 +1 -1 -1 -1 -1 364 341.65 6.140 
32 -1 -1 -1 -1 -1 186 178.58 3.989 
33 0 0 0 0 0 413 389.046 5.800 
34 0 0 0 0 0 399 376.12 5.730 
35 0 0 0 0 0 387 363.54 6.06 
36 0 0 0 0 0 408 383.00 6.127 
37 0 0 0 0 0 400 386.00 3.50 
38 0 0 0 0 0 399 379.08 4.992 
39 0 0 0 0 0 410 385.00 6.09 
40 0 0 0 0 0 383 359.05 6.253 
Using the above data the regression model for cooling efficiency of graphite 
and SAE-40 oil is 
ilCg = 3.596 (VII.179 f0.097 d0.0429 r0.121 c'°°'2) 	 (4.63) 
The results of Analysis of Variance for this model is given in table 4.27 
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Table 4.27 ANOVA for cooling efficiency model (graphite +SAE-40 oil) 
Source DF SS MS F-values P-values 
Model 5 30.6017 6.1203 9.67 0.000 
Resi- error 34 21.5301 0.6332 - - 
Lack of fit 27 17.4037 0.6446 1.09 0.490 
Pure error 7 4.1264 0.5895 - - 
Total 39 52.1317 - - - 
(Rsq = 59.5%, Rsq (adj) = 53.7%, Rsq (pre) = 49.89%), where DF 
degree of freedom, SS sum of square, MS Mean square. 
From the above table it may be observed that the lack-of-fit is 
insignificant. So the model is significant at 95% confidence level. Regression 
coefficients of predicted and adjusted data are very close to each other. 
Therefore, this model is adequate. Since there is only one possible alternative 
hypothesis, null hypothesis Ho is always rejected if F> Fk, n (k-1), a ,where k is the 
no. of degree of freedom, n is the no. of observations and a level of significance. Here 
F = 9.67 is greater than table value,, therefore model is significant since their p-
values are smaller than 5% or equal to zero. The analysis of variance of exponential 
model is shown in Table 4.27. For the model, the p-value for lack of fit is 0.490 (> 
0.05) is not significant with the lack of fit and f-statistic is 1.09 (> 0.05). This implies 
that the model could fit and it is adequate. F calculated > F Table at 95% confidence 
level, null hypothesis Ha is rejected and conclude that v, f, d, r and c have significant 
effect on cooling efficiency q. 
Similar processing was done through regression analysis and ANOVA for 
MoS2 with SAE-40 base oil and boric acid with SAE-40 base oil lubricant condition 
as shown below. 
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Table 4.28 Experimental design and observations (MoS2+SAE-40 oil) 
Sr.No. X1 X2 X3 X4 X5 Tm(°c) flan% 
1 +1 +1 +1 +1 +1 409.56 .12.30 
2 -1 +1 +1 +1 +1 274.23 11.54 
3 +1 -1 +1 +1 +1 342.32 12.00 
4 -1 -1 +1 +1 +1 200.35 11.40 
5 +1 +1 -1 +1 +1 392.246 11.67 
6 -1 +1 -1 +1 +1 213.938 10.52 
7 +1 -1 -1 +1 +1 316.00 10.50 
8 -1 -1 -1 +1 +1 134.696 10.41 
9 +1 +1 +1 -1 +1 420.096 12.48 
10 -1 +1 +1 -1 +1 288.937 11.64 
11- +1 -1 +1 -1 +1 354.64 12.00 
12 -1 -1 +1 -1 +1 256.882 11.42 
13 +1 +1 -1 -1 +1 408.352 10.84 
14 -1 +1 -1 -1 +1 222.307 10.72 
15 +1 -1 -1 -1 +1 324.87 10.75 
16 -1 -1 -1 -1 +1 167.251 10.08 
17 +1 +1 +1 +1 -1 406.803 12.89 
18 -1 +1 +1 +1 -1 273.172- 11.88 
19 +1 -1 +1 +1 -1 341.969 12.09 
20 -1 -1 +1 +1 -1 199.36 11.70 
21 +1 +1 -1 +1 -1 390.00 11.48 
22 -1 +1 -1 +1 -1 212.796 10.59 
• 23 +1 -1 -1 +1 -1 314.825 11.40 
24 -1 -1 -1 +1 -1 134.636 10.80 
25 +1 +1 +1 -1 -1 418.128 12.89 
26 -1 +1 +1 -1 -1 288.12 1I.89 
27 +1 -1 +1 -I -1 354.317 12.08 
28 -1 -1 +1 -1 -1 255.96 11.74 
29 +1 +1 -1 -1 -1 408.215 10.87 
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30 -1 +1 -1 -1 -1 222.879 10.49 
31 +1 -1 -1 -1 -1 324.942 10.73 
32 -1 -1 -1 -1 -1 167.020 10.20 
33 0 0 0 0 0 365.00 11.51 
34 0 0 0 0 0 355.00 10.91 
35 0 0 0 0 0 342.77 11.43 
36 0 0 0 0 0 362.00 11.23 
37 0 0 0 0 0 354.12 11.47 
38 0 0 0 0 0 353.67 11.36 
39 0 0 0 0 0 363.18 11.42 
40 0 0 0 0 0 338.50 11.62 
Temperatures in dry machining are same as in table 4.27. So, no repeated 
here, the generalized equation for cooling efficiency of MoS2 with SAE-40 base oil 
(tic.) established is 
11cm = 12.67 (vo.o32 1O.o3 do.o97 r°°102  c 0.029) 	 (4.64) 
Table 4.29 ANOVA for cooling efficiency model (MoS2 + SAE-40 oil) 
Source DF SS MS F-values P-values 
Model 5 16.9065 3.3813 62.82 0.000 
Residual 
. error 
34 1.8302 0.0538 - - 
Lack of fit 27 1.5007 0.0556 1.18 0.441ns 
Pure error 7 0.3295 0.0471 - - 
Total 39 18.7367 - - - 
(Rsq = 90.50%, Rsq (adj) = 89.80%, Rsq (pre) = 88.20%) 
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Table 4.30 Experimental design and observations (boric acid + SAE-40 oil) 
Sr_ No. X1 X2 X3 X4 X5 Tb lCb% 
1 +1 +1 +1 +1 +1 388.00 17.00 
2 -1 +1 +1 +1 +1 259.41 16.32 
3 +1 -1 +1 +1 +1 309.12 16.00 
4 -1 -1 +1 +1 +1 190.63 14.90 
5 +1 +1 -1 +1 +1 368.53 16.054 
6 -1 +1 -1 +1 +1 202.30 15.00 
7 +1 -1 -1 +1 +1 295.05 15.70 
8 -1 -1 -1 +1 +1 127.15 14.67 
9 +1 +1 +1 -1 +1 402.82 16.08 
10 -1 +1 +1 -1 +1 276.09 15.57 
11 +1 -1 +1 -1 +1 341.02 15.38 
12 -1 -1 +1 -1 +1 246.22 15.10 
13 +1 +1 -1 -1 +1 385.638 15.80 
14 -1 +1 -1 -1 +1 210.90 15.30 
15 +1 -1 -1 -1 +1 309.40 15.00 
16 -1 -1 -1 -1 +1 158.94 14.55 
17 +1 +1 +1 +1 -1 382.95 18.00 
18 -1 +1 +1 +1 -1 258.26 16.69 
19 +1 -1 +1 +1 -1 322.40 17.12 
20 -1 -1 +1 +1 -1 195.75 16.35 
21 +1 +1 -1 +1 -1 364.852 16.89 
22 -1 +1 -1 +1 -1 216.936 15.92 
23 +1 -1 -1 +1 -1 291.83 16.62 
24 -1 -1 -1 +1 -1 127.08 15.25 
25 +1 +1 +1 -1 -1 398.40 17.00 
26 -1 +1 +1 -1 -1 273.94 16.23 
27 +1 -1 +1 -1 -1 336.351 16.54 
28 -1 -1 +1 -1 -1 2416 16.00 
29 +1 +1 -1 -1 -1 383.00 16.40 
30 -1- +1 -1 -1 -1 209.66 15.80 
31 +1 -1 -1 -1 -1 306.13 15.90 
32 -1 -I -1 -1 -1 157.43 15.36 
33 0 0 0 0 0 348.00 15.74 
34 0 0 0 0 0 335.958 .15.80 
35 0 0 0 0 0 325.09 16.00 
36 0 0 0 0 0 343.95 15.70 
37 0 0 0 0 0 337.02 15.80 
38 0 0 0 0 0 335.598 15.89 
39 0 0 0 0 0 344.073 16.08 
40 0 0 0 0 0 321.34 16.10 
Temperatures in dry machining are same as in table 4,27. So, no repeated 
here, the generalized equation for cooling efficiency of boric acid with SAE-40 base 
oil 	(Tlcb) established is 
11Cb = 19.68 (v°°295  0.04 d°.034 1.0.02 c °°78) 	 (4.65) 
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Table 4.31 Analysis of variance for cooling efficiency model (Boric acid + 
SAE-40 oil) 
Source DF SS MS F-values P-values 
Model 5 18.0700 3.6140 67.98 0.000 
Residual 
error 
34 1.8075 0.0532 - - 
Lack of fit 27 1.6404 0.0608 2.55 0.102ns 
Pure error 7 0.1671 0.0239 - - 
Total 39 19.8775 - - - 
(Rsq = 90.90%, Rsq (adj) = 89.60%, Rsq (pre) = 86.81%) 
From the above ANOVA Table (4.27, 4.29 and 4.31) it may be observed 
that the lack-of-fit is insignificant. So the model is significant at 95% 
confidence level. Regression coefficients of predicted and adjusted data are 
very close to each other. Therefore, this model is adequate. 
4.23 OPTIMIZATION OF PARAMETER USING ROVOP FOR 
MAXIMUM COOLING EFFICIENCY (umax) 
The cooling efficiency is optimized using cooling efficiency equations 
4,63, 4.64 and 4.65 for turning EN31 steel under different solid-liquid MQL 
conditions by application of ROVOP method and the maximum cooling 
efficiency under different MQL conditions has been determined. 
Graphite + SAE-40 base oil 
The optimum values of cutting parameters cutting speed (v) and c (percentage 
concentration of MQL) are determined within the zone covered by statistical limits of 
the value using, rotating vector operator process (ROVOP) (Basu, 2010). In 
regression analysis, two points one at a higher level and other at a lower level are 
considered. But the behavior of the curve between these two points is not known, and 
so also the optimum values of the parameters that determine maximum cooling 
efficiency. In case of fine metal cutting where in feed rate, 0.06 mm/rev, depth of cut 
0.2 mm and tool nose radius 1.2 mm i.e. minimum values of feed rate, depth of cut 
and higher value of tool nose radius are considered to transformation eq" (4.63) to eq' 
(4.66) in terms of cutting speed v m/min and c percentage concentration (MQL). 
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~c 	= 2.545 (V°.'5 * CC.°'2) 	 (4.66) 
The experimental data were processed through "Rotating square evolutionary 
operation" (ROVOP) method of optimization as shown in Fig.4.50, which scans the 
whole area between high and low levels of the parameters giving optimum values of 
cutting speed and c % (percentage concentration of MQL). The experiments were 
conducted on (25+8) factorial designs. The generalized equation established is 
transformed to 22 for metal cutting process keeping minimum values of feed rate, 
depth of cut and higher value of tool nose radius constant i.e. 0.06 mm/ rev, 0.2 mm 
and 1.2 rnm respectively. 
Each of the four conditions of the experiments formed by combination of 
maximum and minimum values of cutting speed and c % (percentage concentration) 
at four corner points of a square in such design was examined for significant effect. 
Then second factorial design is chosen which is squeezed and rotated 450 from the 
original and is such a size that the second square just fits in the first one as shown in 
Fig.4.50. The shifting of the variables in this manner in a rotating square is useful in 
determining global optimum parametric values for maximizing cooling efficiency 
objectives. The Table 4.32 shows values at each of comer points of the rotating square 
and corresponding cooling efficiency calculated from equation (4.66). 
Table 4.32 Cooling efficiency values (graphite + SAE-40 oil) 
Sr. Nov Cutting speed 
(m/min) 




1 40 10 4.809042 
2 190 10 6.365953 
3 190 20 6.313222 
4 40 20 4.769208 
5 115 10 5.815853 
6 190 15 6.335054 
7 115 20 5.767678 
8 40 15 4.78570 
9 65 I2.5 5.234187 
10 I65 12.5 6.189734 
11 165 17.5 6.164792 
12 65 17.5 5.213096 
13 65 I5.00 5.222748 
14 115 12.5 5.80030 
15 165 15.00 6.176206 
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16 115 17.5 5.776920 
17 140 13.75 6.002487 
18 140 16.25 5.990466 
19 90 16.25 5.532497 
20 90 13.75 5,543599 
21 _ 	115 13.75 5.793670 
22 140 15.00 5.996222 
23 115 16.25 5.782068 
24 90 15.00 5.537814 
Therefore maximum cooling efficiency (ricer) is 6.365953 at cutting speed 








10 	12.5 13.75 15 16.25 17.5 	20 
Concentration 
Figure 4.50 Treatment combinations through ROVOP 
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Similar procedure was applied for calculating maximum cooling efficiency of 
MoS2 with SAE-40 base oil and boric acid with SAE-40 base oil lubricant condition 
as shown below. 
MoS2 + SAE-40 base oil 
The maximum cooling efficiency equation is: 
-0 
licinrnaX = 9.98 (V°032 * ' 	C °3) (4.67) 
The Table 4.33 shows values at each of corner points of the rotating square 
and corresponding cooling efficiency calculated from equation (4.67). 
Table 4.33 Cooling efficiency values (MoS2 + SAE-40 base oil) 
Sr_ No. Cutting speed 
m/min 




1 40 10 	_ 10.57537 
2 190 10 11.11603 
3 190 20 10.88726 
4 40 20 10.35773 
5 115 10 10.93885 
6 190 15 10.98163 
7 115 20 10.71374 
8 40 15 10.44751 
9 65 12.5 10.66929 
10 165 12.5 10.99212 
11 165 17.5 10.88173 
12 65 17.5 10.56213 
13 65 15.00 10.61109 
14 115 12.5 10.86587 
15 165 15.00 10.93217 
16 115 17.5 .10.75674 
17 140 13.75 10.90326 
18 140 16.25. 10.84876 
19 90 16.25 10.69645 
20 90 13.75 10.75019 
21 115 13.75 10.83485 
22 140 15.00 10.87484 
23 115 16.25 10.78068 
24 90 15.00 10.72217 
Therefore maximum cooling efficiency (roc,,, x) is 11.1I603 % at cutting 
speed (v) m/min = 190 m/min and concentration of lubricants (MQL), c = 10 % 
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Boric acid + SAE-40 base oil 
The maximum cooling efficiency equation is: 
l}cbnjax = 16.268 (T.030 * C°°78) 	 (4.68) 
The Table 4.34 shows values at each of comer points of the rotating square 
and corresponding cooling efficiency calculated from equation (4.68). 
Table 4.34 Cooling efficiency values (boric acid + SAE-40 base oil) 
Sr. No. Cutting speed 
minun 




1 40 10 15.46622 
2 190 10 16.20635 
3 190 20 15.35341 
4 40 20 14.65224 
5 115 10 15.96406 
6 190 15 .15.70182 
7 115 20 15.12388 
8 40 15 15.98474 
9 65 12.5 15.42236 
10 165 12.5 15.85945 
11 165 17.5 15.44863 
12 65 17.5 15.02287 
13 65 15.00 15.20459 
14 115 12.5 15.68861 
15 165 15.00 15.6355 
16 115 17.5 15.28222 
17 140 13.75 15.66458 
18 140 16.25 15.46179 
19 90 16.25 15.2582 
20 90 13.75 15.45832 
21 115 13.75 15.57241 
22 140 15.00 15.55863 
23 115 16.25 15.37081 
24 90 15.00 15.35376 
Therefore maximum cooling efficiency (rlcn,ax) is 16.20635 % at cutting speed 
(v) m/min = 190 r/min and concentration of lubricants (MQL), c = 10 % 
Figure 4.51 Variation of maximum cooling efficiency at different lubricating 
conditions (Gr = graphite, Mo = MoS2 and BA = boric acid) 
Based on the results of the experiments and statistical analysis carried, the 
following general conclusions are being drawn 
i. Using the experimental data, a non linear regression analysis with logarithmic 
data transformation model has been developed to predict the cooling effect in 
steel turning. 
ii. The result show the nonlinear regression model is a highly significant model. 
It is reasonably adapted for cooling efficiency prediction. 
iii. The cooling efficiency is considered as an overall effect comprising of heat 
taken away by the chip, lubricant, work piece, and tool and by radiation. 
iv. A logarithmic transformation can be applied to convert the non linear form of 
equation into the additive (linear) form. This is one of the most popularly used 
data transformation methods in empirical model building. 
v. An approximate cooling efficiency can be easily forecasted from cooling 
efficiency eq"s 4.63 - 4.65 for the values of various cutting parameters in the 
range of 
Cutting speed, 	 39 <_ V <_ 189 m/min 
Feed rate 	 0.06 <_ F <_ 0.15 mmlrev 
Depth of cut 	 0.2 < D <- 0.6 mm 
Tool nose radius 	0.4<_R: 1.2 mm 
Concentration of lubricants 10% <_ C <_ 20% 
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vi. The cooling efficiency equation transformed to the equation with two 
variables, cutting speed and percentage concentration of lubricant keeping 
other three variables feed rate, depth of cut and tool nose radius constant and 
to the minimum value of the range, thus resulting in fine turning and giving 
satisfactory forecasts for cooling efficiency. 
vii. The optimization method (ROVOP) described here is very powerful tool to 
optimize parametric values under experimental conditions. This provides good 
exploration of the experimental space. The expanding pattern of 
experimentation rapidly provides a response surface. In factorial design, two 
extreme values of the parameters are considered and to know the optimum 
values of the parameters. ROVOP technique is used which scans the entire 
area determining optional values of cutting velocity and percentage 
concentration of lubricants. 
viii. The maximum cooling efficiency is at cutting speed 189 ni/min and 
concentration 10% i.e. at maximum cutting velocity and minimum 
concentration of solid lubricant (graphite, MoS2 and boric acid) in SAE-40 oil 
with the selected range of cutting speed and feed rate, satisfying cooling 
efficiency equation. 
ix. From the above analysis it is clear that the maximum cooling efficiency is 
obtained when applying 10% boric acid with SAE-40 base oil during steel 
turning operation as compared to 10% graphite and 10% MoS2 powder mixed 
with SAE-40 base oil as shown in Fig.4.50. 
x. Experimental and statistical analysis showed the superiority of 10% boric acid 
powder mixed with SAE-40 base oil turning over 10% graphite and 10% 
MoS2 powder mixed with SAE-40 base oil assist steel turning. This work also 
emphasizes that the proper selection of minimum quantity lubricants along 
with cutting condition and tool geometry is essential for achieving the overall 
improvements in steel turning process. The 10% boric acid + SAE-40 base oil, 
the 10% MoS2 powder + SAE-40 base oil and 10% graphite powder mixed 
with SAE-40 base oil assisted steel turning become a viable alternative to the 
dry machining and flood coolant turning process. So, this methodology of 
using minimum quantity lubricants appears to offer considerable benefits in 
terms of minimizing chip-tool interface temperature means increasing cooling 
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efficiency at higher cutting speed and environmental pollution point of view 
over the dry machining and machining with flood condition. 
4.24 Effect of temperature of the 10% boric acid + SAE-40 MQL on 
machinability of EN-31 steel 
Having concluded with sufficient confidence from our experimental and 
statistical results that 10% boric acid with SAE-40 base oil provides optimum 
machinability indices, it was imperative upon us to investigate the effect of 
temperature of the proposed MQL in turning EN-31 steel. For this study Taguchi's 
parametric Design and Utility approach for multi performance optimization is used. 
The main objectives of this study are: to find out the optimal combination of 
process parameters based on SIN ratio and to know the significance of each parameter 
by performing ANOVA analysis; to find out the effect of temperature of 10°%o boric 
acid + SAE-40 oil minimum quantity lubricant, developed by the author (2009), on 
surface roughness and power consumption during EN-31 steel turning;- to develop 
prediction models for responses when the lubricant temperature is used as a parameter 
and to optimize surface roughness and power consumption simultaneously using 
Taguchi Utility concept. 
From the previous experimental study, cutting speed and tool nose radius were 
found to be significant factors. Surface finish improves with increase in cutting speed 
and tool nose radius, followed by feed rate and depth of cut, in the studied range 
during steel turning operation. It may be noted from section 4.3, if the tool nose radius 
increases from 0.4 mm to 1.2mm the cutting temperatures decreases by about 21%. 
Therefore, higher cutting speed and higher tool nose radius have been used for this 
case study. In section 4.3 it is reported that, 10% solid lubricant (10% boric acid 
mixed with SAE-40 base oil) is more effective for controlling the chip-tool interface 
temperature, cutting forces, tool wear rate, surface roughness, chip thickness and chip 
micro-hardness as compared to 10% graphite + SAE-40 oil, 10% MoS2 + SAE-40 oil 
(MQL) machining during steel turning operation. Therefore, in the present case study, 
10% boric acid (H3Bo3) by weight mixed with base oil SAE-40 was used. Parameters 
kept constant during this study are given in Table 4.35 
172 
Table 4.35 Constant parameters 
Work specimen 
material 
EN-31 steel alloy 
Cutting tool holder WIDAX, SCLCR12 F09T3 (ISO designation) 
Insert 
configurations 
Similar tool configurations have been used for this 
case study as given in section 3.4 (chapter-3) 
Cutting speed 1200 rpm 
Tool nose radius 1.2 mm 
Environments MQL(10% boric acid with SAE-40 base oil) at10°c, 
30°c, and 50 °c 
Job size (mm) Diameter = 60 mm and length = 500 nun 
Different levels of cutting parameters are given in Table 4.36. The planning of 
experimental conditions was done according to L9 orthogonal Taguchi design 
according to Table 4.37. 
Table 4.36 Cutting parameters and their levels 
Symbol Cutting parameters Unit Level 1 Level 2  Level 3 
A Feed rate, F mm/rev 0.05 0.1 0.15 
B Depth of cut, D mm 0.2 0.4 0.6 
C 
Lubricant 
temperature (0) °C 10 30 50 
The results at middle level of all the parameters are considered as the initial 
machining condition. 
Table 4.37 Experimental layout using Lq orthogonal array 
Experiment No. 
Cuttingparameter level 
A B C D 
Feed rate Depth of cut 
Lubricant 
temperature Error 
I 1 I 1 
2 1 -2 2 
3 1 3 .3 
4 2 1 3 
5 2 2 1 
6 2 3 2 
7 3 1 2 
8 3 2 3 
9 3 3 1 
In this study, an L9 orthogonal array with four columns and nine rows was 
used. This array has eight degrees of freedom and it can handle three-level design 
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parameters. Each cutting parameter is assigned to a column, nine cutting-parameter 
combinations being available. Therefore, only nine experiments are required to study 
the entire parameter space using the L9 orthogonal array. The experimental layout for 
the three cutting parameters using the L9 orthogonal array is shown in Table 4.37. 
Since the L9 orthogonal array has four columns, one column of the array is left empty 
for the error of experiments, orthogonality is not lost by letting one column of the 
array remain empty (Yang et al. 1998). 
The actual experimental conditions for different runs and the measured surface 
roughness values and power consumption are listed in Table 4.38. In this work all 
the experiments were repeated three times and response values were recorded 
by taking an average of the three experiments during turning process. 
Table 4.38 Experimental observations (Average of three readings) 























1 0.05 0.2 10 61.17 928 11529.00 
2 0.05 0.4 30 55.89 10.2 12631.14 
3 0.05 0.6 50 48.45 10.68 10949.70 
4 0.1 0.2 50 73.23 11.1 16554.50 
5 0.1 0.4 10 87.35 9.42 19741.10 
6 0.1 0.6 30 80.54 10.34 18202.04 
7 0.15 0.2 30 116.58 10.78 26347.08 
8 0.15 0.4 50 108.31 11.37 24478.06 
9 0.15 0.6 10- 125.48 10.09 28358.48 
Analysis and modeling of surface roughness (Ra) 
Table 4.39 shows the experimental results for surface roughness and the 
corresponding S/N ratios using. Taguchi uses the S/N ratio to measure the quality 
characteristic deviating from the desired value. The S/N ratio -q is defined as 
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r7 = –10 log (M.S.D.) 	 (4.69) 
There are three categories of quality characteristic in the analysis of the SIN 
ratio, i.e. the lower-the-better, the higher- the-better, and the nominal-the-better. The 
mean-square deviation (M.S.D.) for the-higher-the-better quality characteristic can be 
expressed as: 
m 
M.S.D. = 1  Y— 	(4.70) 
m x 
Where, m is the number of observations and Ti is the parameter. 
Lower the better quality characteristic for surface roughness and power 
consumption in metal cutting should be taken for obtaining optimal cutting 
performance. 
The M. S.D for the lower the better quality characteristic can be expressed as: 
m 
M.S.D. -- — FS;Z 	 (4.71) 
:1 
Where, Si is the value of the parameter (surface roughness and power 
consumption) for the ith test, we have used lower the better quality characteristic 
formula. ' 
Sample calculation of S/N ratio: (for run number one) (surface roughness) 
m 
M.S.D. _ — I si l- 
m i_1 
M.S.D. = [(9.28 + 9.27 + 9.29)13]2 = (9.28)2 = 86.1184 
r7 = –10log (M.S.D.) 
ii = -101og (86.1184) = -19.350 dB 
The values of SIN ratio for each run of the turning parameters were calculated 
using the same method. The calculated values of S/N ratio are shown in Table 4.39. 
Since the experimental design is orthogonal, it is then possible to separate out 
the effect of each cutting parameter at different levels. For example, the mean SIN 
ratio for the feed rate at levels 1, 2 and 3 is calculated by averaging the S/N ratios for 
the experiments 1-3, 4-6, and 7-9, respectively. The mean S/N ratios for each level 
of the other cutting parameters are computed in similar manner. The mean SIN ratio 
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for each level of the cutting parameters is summarized and called the SIN response 
table for surface roughness (Table 4.40). In addition, the total mean SIN ratio for the 
nine experiments is also calculated and listed in Table 4.40. Regardless of the-lower-
the-better or the higher-the-better quality characteristic, the greater SIN ratio 
corresponds to the smaller variance of the output characteristic around the desired 
value (Eq.4.69- 4.71). Therefore, the optimal level of the process parameters is the 
level with the highest SIN ratio q. Figure 4.52 shows the SIN response graph for 
surface roughness. 
















1 0.05 0.2 10 9.28 -19.35 
2 0.05 0.4 30 10.2 -20.17 
3 0.05 0.6 50 10.68 -20.57 
4 0.1 0.2 50 11.1 -20.91 
5 0.1 0.4 10 9.42 -19.48 
6 0.1 0.6 30 10.34 -20.29 
7 0.15 0.2 30 10.78 -20.65 
8 0.15 0.4 50 11.37 -21.12 
9 0.15 0.6 10 10.09 -20.08 




Mean SIN ratio(dB)  
Level 1 Level 2 Level 3 Max-Mm 
A Feed rate f) -20.03 -20.23 -20.62 0.59 
B Depth of cut (d) -20.3 -20.26 -20.313 0.053 
C 
Temp. of 
lubricant() -19.64 -20.37 -20.87 1.23 
Total mean S/N ratio = -20.29dB 
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Figure 4.52 SIN response graph for surface roughness 
From table 4.40 and Figure 4.52 it is observed that the SIN ratio for surface 
roughness is higher when feed rate is at level 1, depth of cut is at level 2 and the 
temperature of lubricant is at lower level. Therefore, this combination of the cutting 
parameters gives minimum surface roughness. This is symbolically written as the 
optimum combination of the cutting parameter for minimum surface roughness is 
AIB2C1. Thus, the optimal cutting parameters are feed 0.05 mm/rev, depth of cut 
0.4mm and the lubricant temperature is 10 °c. 
Confirmatory test 
The result at middle level of all the parameters is considered as the initial 
machining conditions. The experiments were conducted at the initial level setting of 
the parameters and at the optimal setting. Surface roughness values were noted down. 
The estimated SIN ratio i using the optimal level of design parameters is calculated 
from the following relationship: 
o _ 
'7m + 	l~i 1m) 	 (4.72) 
i=] 
is the mean SIN ratio at optimal level. 
t1m is the total mean SIN ratio, and o is the number of the main design 
parameters that affect the quality characteristic. 
Feedrate 	 De( th o cut 19.5 
20.5 
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The estimated S/N ratio using the optimal cutting parameters for surface 
roughness is determined and the corresponding surface roughness is calculated by 
using Eq. (4.69) and (4.71) as shown in Table 4.41. Table 4.41 compares the results of 
the experiments at the optimal setting of the parameters and the results at initial 
setting. 
The increase of the SIN ratio from the initial cutting parameters to the optimal 
cutting parameters is 2.06dB. Based on the result of the confirmation test, it is seen 
that the surface roughness is decreased from 11.76µm to 9,28µm. 
Table 4.41 Results of the confirmation experiments 
Initial cutting 
parameters 
Optimal cutting parameters 
Prediction Experiment 
Level A2B2C2 A1132C1 A1B2C1 
Surface roughness(pm) 11.76 - 9.28 
SIN ratio (dB) -21.41 -19.35 -19.35 
Improvement of S/N ratio= 2.06 dB 
A general mathematical model to describe surface roughness (Ra) in terms of 
feed rate f depth of cut d, and lubricant temperature (0), within the range used for 
this experimental work was developed and the parameters having significant effect on 
surface roughness were identified. The general model is given in Equ 4.73. 
Ra = 9.025 (f°•°58' d 0.0001 e 0.0861) 	 (4.73) 
The result of ANOVA for the surface roughness of Ra is shown in Table 4.42. 
This analysis was carried out for a significance level of a = 0.05 (confidence level of 
95%). From the ANOVA Table 4.42, it is observed that the model is significant at 
95% confidence level. Regression coefficients of predicted and adjusted data are very 
close to each other. Therefore, this model is adequate. 
Table 4.42 Results of ANOVA for surface roughness model 
Source D.F. S.S M. S F -value P -value 
Model 3 3.8898 1.2966 61.39 0.000s 
Error 5 0.1056 - - - 
Total 8 3.9954 - - - 
(Rsq = 97.40%, Rsq (adj) = 95.8%, Rsq (pred) = 92.79%) 
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Tabe 4.43 presents ANOVA for significance study of the effect of different 
parameters on surface roufhness. 
Table 4.43 ANOVA for parametric significance study 
Source DF SS MS F F 
(calculated) (Table) contribution 
Feed (f) 2 0.76103 0.3805 24.39 19 19.05s 
Depth of cut 2 0.005028 0.0025 0.1602 19 0.125 ns 
(d)  
Lubricant 2 3.198 1.599 102.50 19 80.05s 
temperature 
(e) 
Error 2 0.03114 0.0156 - - 0.775 
Total 8 3.9952 - - - 100.00 
It is clear from the ANOVA Table 4.43 that lubricant temperature is the 
most significant parameter for surface roughness. Among the three design parameters 
lubricant temperature contribution is the largest (80.05 %) followed by feed rate 
whose contribution is 19.05 % and then depth of cut 0.125 % as shown in Figure 4.53. 
Thus within specified range of parameters the effect of depth of cut on surface 
roughness is insignificant as F-calculated) is less than F-tabulated. The error 
contribution is 0.779%. As the percent contribution due to error is very small it 
signifies that neither any important factor was omitted nor any high measurement 
error was involved as emphasized by Ross, 1996. 
Figure 4.53 Percentage contributions of factors.on surface roughness 
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Therefore a modified model, neglecting the insignificant parameter at 95 % 
confidence level, is developed and is given in Eq. 4.74. 
Ral = 9.015 (f°•055 e  0.0861) 
	
(4.74) 
The result of ANOVA for modified model for surface roughness of Ral is 
shown in Table 4.44. 
Table 4.44 ANOVA for modified model for surface roughness (Ral) 
Source D.F. S.S M.S F -value P -value 
Model 2 0.036332 0.018166 65.43 0.000s 
Error 6 0.001666 0.000278 - - 
Total 8 0.037997 - - - 
(Rsq = 95.60%, Rsq (adj) = 94.2%, Rsq (pred) = 89.82%) 
This model can be used for finding out the surface roughness at different feed 
rates and the temperature of lubricant 
Main effect plot for surface roughness 
The main effect plot for surface roughness has been shown in Fig. 4.54. 
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Figure 4.54 Main effect plot for surface roughness Ra (pm) 
The plot shows the variation of individual response with the three parameters, 
i.e. feed rate, depth of cut and lubricant temperature separately. The analysis of the 
effect of feed rate on surface roughness (Figure 4.54) shows that this parameter has a 
very significant influence; because its increase generates helicoid fvrrows.These 
furrows are deeper and broader as the feed rate increases. For this reason, we must 
I:1 
	 '-515 
employ small feed rate during turning. This is in agreement with the work reported by 
author (2009, 2010). A feed rate of 0.05 mm/rev produces the lowest roughness and 
0.15 mm/rev feed rate shows the highest one, i.e. the worst surface finish. The same 
Figure 4.54 shows the effect of lubricant temperature and depth of cut on surface 
roughness. At a particular feed rate surface roughness increases with increasing 
lubricant temperature. When the temperature increases from 10 °c to 50 °c the % 
increase in surface roughness is 15 %. If the lubricant temperature is raised from 10 °c 
to 50 °c the surface finish deteriorates. On increasing temperature of the lubricant, 
viscosity of lubricant decreases. So, proper lubrication is not achieved. Therefore, 
surface roughness increases. Also thermal distortions are there because heated 
lubricant instead of cooling cutting zone raises the cutting zone temperature which 
ultimately increases surface roughness. On the other hand cooled lubricant is more 
viscous, thus provides more lubrication, more effectivly reducing the cutting zone 
temperature. Thus surface finish improves by applying cooled lubricant. In the figure 
the almost flat line variation indicates that there is a very little or virtually no effect 
due to depth of cut. At a particular feed rate, surface roughness is almost constant on 
varying depth of cut within the specified range. It is clear from the graph that surface 
roughness is minimum at lower temperatures of lubricant. 
Analysis and modeling of power consumption in steel turning 
Power consumption under different machining conditions was recorded 
and the average value of three observations is given in table 4.45. S/N ratios 
calculated by using Eq, 4.69 and Eq. 4.71 are also shown in the table. Sample 
calculation of S/N ratio for run number one is given below. 
m 
M.S.D. = — 
m ;_t 
M.S.D. _ (13824.42)2 = 1.9111459 x 108 
= —10 log (M.S.D.) 
I = -10log (1.9111459 x 10$) = -82 8129 dB 
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Table 4.45 Power consumption in cutting and SIN ratio 













1 0.05 0.2 10 13824.42 -82.8129 
2 0.05 0.4 30 12631.14 -82.0288 
3 0.05 0.6 50 10949.70 -80.7880 
4 0.1 0.2 50 16554.50 -84.3783 
5 0.1 0.4 10 19741.10 -85.9074 
6 0.1 0.6 30 18202.04 -852024 
7 0.15 0.2 30 26347.08 -88.4146 
8 0.15 0.4 50 24478.06 -87.7755 
9 0.15 0.6 10 28358.48 -89.0536 
Table 4.46 and Fig 4.55 show the S/N responses for power consumption. 
Table 4.46 S/N response table for power consumption is cutting 
Symbol Cutting parameter 
Mean SIN ratio(dB) 
Level 1 Level 2 Level 3 Max-Mm 
A 
Feed rate 
mm/rev -81.8765 -85.1627 -88.4145 6.538 
B Depth of cut mm -85.2019 -85.2372 -85.0146 0.2226 
C 
Temperature of 
lubricant (0) -85.9246 -85.2152 -84.3139 1.6107 
Total mean S/N ratio = -85.1512dB 
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Figure 4.55 S/N response graph for power consumption in cutting 
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From table 4.46 and Figure 4.55 it is observed that A1B3C3 are the optimal 
levels of the machining parameters for minimum power consumption in steel turning. 
This implies that feed rate at low level; depth of cut and lubricant temperatures at high 
level combination maintains lower power consumption in turning EN-31 steel, in the 
specified range of input parameters. Thus, the optimal cutting parameters are feed 
0.05 mm/rev, depth of cut 0.6mm and the lubricant temperature is 50 °c. 
Table 4.47 shows the results for the confirmation experiment carried out for 
power consumption in cutting. The result at middle level of all the parameters is 
considered as the initial machining conditions. The increase of the SIN ratio from the 
initial cutting parameters to the optimal cutting parameters is 2.1895dB. Based on the 
result of the confirmation test, the power consumption is decreased from 15397.38 
watt to 10949.70 watt when machining is done at optimal settings as compared to 
initial setting. 
Table 4.47 Results of the confirmation experiment for minimum 
Power consumption in cutting at optimum conditions 
Initial cutting 
parameters 
Optimal cutting parameters 
Prediction Experiment 
Level A2B2C2 A1B3C3 A1B3C3 
Power consumption (w) 15397.38 - 10949.70 
SIN ratio (dB) -83.7489 -80.788 -80.788 
Improvement of SIN ratio = 2.9609 dB 
Regression analysis was performed on power consumption data given in Table 4.46. 
The following general model to describe power consumption is developed. 
P =120571.71 (f°67° d-°.0169 t-0.109) 	 (4.75) 
ANOVA for this model is given in table 4.48 and Anova for the study of 
parameters effecting significantly the power consumption is given in table 4.50 
Table 4.48 Results of ANOVA for power consumption model 
Source D.F 5.5 MS F- value P -value 
Model 3 0.88013 0.29338 61.80 0.0005 
Error 5 0.023 74 0.00475 - - 
Total 8 0.90387 - - - 
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(Rsq = 97.4%, Rsq (adj) = 95.80%, Rsq (pred) = 92.34%) 
Table 4.49 ANOVA for parametric effect on power consumption (w) 
(95% confidence level) 
Source DF SS MS F 
(calculated) 
F(Table) %contribution 
Feed rate (f) 2 0.8419 0.42095 382.68 19 93.14s 
Depth of cut 
(mm) 
2 0,00082 0.00041 0.3727 19 0.10 ns 
Lubricant 
temperature(0) 
2 0.0589 0.02945 26.77 19 6.52 s 
Error 2 0.0022 0.0011 - - 0.24 
Total 8 0.90382 - - - 100.00 
The ANOVA results for power consumption (Table 4.49) show that depth of 
cut is insignificant for our range of design parameters. Feed rate is the most 
significant factor for power consumption contributing 93.14% followed by lubricant 
temperature (6.52%) and then depth of cut (0.10%) as shown in Figure 4.56. 
Lubricant 
Depth of 	temperature, 	 Frrnr n')ep.- 
Figure 4.56 Percentage contributions of factors on power consumption 
The relationship for power consumption in cutting given in Eq.4.75 is 
modified by removing the depth of cut from the model because it is not significant at 
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95% confidence level (Eq. 4.76). The result of ANOVA for modified model for power 
consumption in cutting is shown in Table 4.50. 
P1 = 128027.45 (f 1.670 a  -0.109) 
	 (4.76) 
Table4.50 ANOVA for modified model for power consumption in cutting 
Source D.F. S.S M.S F -value P -value 
Model 2 0.87960 0.43980 108.75 0.000 s 
Error 6 0.02426 0.00404 - - 
Total 8 0.90387 - - - 
(Rsq = 97.32%, Rsq (adj) = 96.42%, Rsq (pred) = 94.39%) 
Main effect plot for power consumption in cutting 
Figure 4.57 shows the main effect plot for power consumption in cutting. Here 
also, the main effect plot shows increase in power consumption with increased feed 
rate. If the feed rate increases, the section of sheared chip increases because the metal 
resists the rupture more and requires larger efforts for chip removal. The plot shows 
that the power consumption continuously increases with increase in feed rate. The 
increase in the feed rate from.0.05 to 0.15mm/rev increases the power consumption 
by 108.77%. Also there is a decrease of 21 % in power consumption when the 
lubricant temperature is increased from 100  c to 500  c. As the lubricant temperature 
increases the power consumption decreases as shown in Figure 4.57. Comparatively 
higher power consumption at low lubricant temperature is due to increase of local 
hardness, which requires more force to remove the material. With low lubricant 
temperature, the work-piece does not heat up and it requires more power to cut the 
EN-31 steel alloy. The heated lubricant raises the cutting zone temperature, so easy 
deformation of work-piece takes place, thus force requirement decreases that means 
lower power consumption. Depth of cut shows very little effect on power 
consumption under same machining conditions, it is shown by almost a. flat line 
(Figure 4.57). 
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Figure 4.57 Main effect plot for power consumption in cutting (P) (Watt) 
Simultaneous optimization of surface roughness and power consumption 
Multi-performance optimization was done by using Taguchi-utility concept for 
multiple quality characteristics. This multi-performance optimization method is used 
for determining optimum cutting parameters for simultaneous minimization of surface 
roughness and power consumption. The original Taguchi method is applied to 
optimize a single quality characteristic. However, most of the products/processes have 
several performance characteristics to be optimized simultaneously and hence author 
has tried to obtain single optimal process parameters setting. For this purpose, the 
same machinability data and SIN ratios as given in Table 4.40 and 4.46 are used. 
Kumar et al. 2000 has rightly pointed out that compared to grey relation theory utility 
concept this method is simpler and does not have any computational complexity. 
Moreover, it has been observed that less attempt has been made by previous 
researchers in application of utility concept. Thus, using utility theory, the multi-
objective optimization problem has been converted into an equivalent single objective 
optimization situation which has been solved by Taguchi method. This employs the 
weighting factors to each of the SIN ratio of the responses to obtain a multi-response 
S!N ratio for each trial of an orthogonal array. 
According to the utility theory (Kumar et al. 2000), if X; is the measure of 
effectiveness of an attribute (quality characteristics) i and there are n attributes 
evaluating the outcome space, then the overall utility function is given by: 
I86 
U (X,, X2, x3..., Xa) = f (Ui (X1), U2 (X2)... Un (Xi)) 	(4.77) 
Where, U; (Xi) is the utility of the ith attribute. 
The overall utility function is the sum of individual utilities, if the attributes 
are independent. It is given by: 
U(X1,X2,........,x,.1)=ZU1(X1) 	 (4.78) 
where, U1(X) is the utility of the ith attribute. The attributes may be assigned 
weights depending upon the relative importance or priorities of the characteristics. 
The overall utility function after assigning weights to the attributes can be written as: 
n 
U(x1,x2,........,xn)=zw1,U1(x;) 	 (4.79) 
where, 
0 Y Wi =1 	 (4.80) 
And w, is the weight assigned to attribute i. 
In the proposed approach utility values of individual responses are 
accumulated to calculate overall index. Overall utility index serves as the single 
objective function for optimization. 
The SIN ratio associated with responses, surface roughness and power 
consumption in cutting are given in Table 4.52. In the utility concept, the multi-
response S/N ratio is used (Kumar et al. 2000), 
Ali=Will2+w212 
	 (4.81) 
Where, w1 and w2 are the weighting factors associated with S/N ratio for each 
of the responses Ra and power consumption, respectively. These weighting factors are 
decided based on the priorities among the various responses to be simultaneously. 
optimized. In the present work investigation, weighting factors of 0.5 for each of the 
responses is considered, which gives equal priorities to both surface roughness and 
power consumption for simultaneous optimization. The computed values of SIN ratio 
for each responses and the multi-responses S/N ratio for each trial in the orthogonal 
array are given in Table 4.51, 
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Table 4.51 Computed values of Multi-response S/N ratio 
Trial No. S/N ratio, dB for Ra SIN ratio, dB for P (T) 
i s 
-51.08145 1 -19.35 -82.8129 
-51.0994 2 -20.17 -82.0288 
-50.679 3 -20.57 -80.7880 
4 -20.91 -84.3783 -52.64415 
5 -19.48 -85.9074 -52.3412 
6 -52.7462 -20.29 -85.2024 
7 -20.65 -88.4146 -54.5323 
8 -21.12 -87.7755 -54.44775 
9 -54.5668 -20.08 -89.0536 
Mean of S/N ratio = -52.68202 dB 
The analysis of means .(ANON) is used to determine the optimal process 
parameteric settings and it is the process of estimating the main effect of each 
parameter. The effect of parameter level is the deviation it causes from the overall 
mean response. The overall mean of rl associated with nine trials is calculated as: 
9 
m=1/9znk 	 (4.82) 
k=1 
The effect of process parameter level i for parameter j is given as: 
E 
(m) =1 / 1± (n; )~ 	 (4.83) 
The optimum level of a process parameter is the level, which gives the highest 
SIN ratio. According to the performed experimental design, it is clearly observed from 
Table 4.52 and Figure 4.58 that the turning parameters setting of run 3 has the highest 
S/N ratio (-50.679 dB). Therefore, run 3 is the optimal machining parameters setting 
for minimum surface roughness and power consumption simultaneously (i.e. the best 
multiperformance characteristics) among the 9 runs under minimum quantity 
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Figure 4.58 SIN ratio (dB) for the multi-performance characteristics 
In addition to the determination of optimum turning parameters for minimum 
surface roughness and minimum power consumption, the response table of Taguchi 
was used to calculate the average SIN ratio for each level of the turning parameters. 
The procedure includes the SIN ratio with factor level for each column in the 
orthogonal array and the average of them. The maximization of multiresponse SIN 
ratio for the optimal Ievel associated with each process parameter is, 
Optimum parameter = max (m)1,j 	 (4.84) 
where, j = parametrs (feed rate, depth of cut and lubricant temperature) and i 
= 1, 2, 3 (levels). The result of ANOM is represented in the response plot as shown in 
Figure 4.59. The greater value of the S/N ratio means the optimum level of process 
parametgers as shown in Figure 4.59. Thus, for the optimal process parameter setting 
for the present investigation is (Al, B2 and 03). Hence, the best combination values 
for achieving minimum surface roughness and power consumption in cutting are: 
Feed rate: 0.05mm/rev. (level one), Depth of cut: 0.4mm (level two) and 
Lubricant temperature: 50°c (level three). 
The optimal turning parameter levels is given as Al, 82 and 93. Figure 4.59 
shows the effect of turning parameters on the multiperformance characteristics (i.e.the 
surface roughness and power consumption in cutting) and the response graph of each 
level of the turning parameters for the performance. The greater values in Figure 4.59 
give the low power consumption in steel turning and good surface finish quality. 
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Figure 4.59. Factor response plot for multiple performance characteristics 
(Al), Lower feed rate = 0.05mm/rev, (B2), Middle level depth of cut = 
0.4mm and (03), Higher level of lubricant temperature = 50°c 
However, the relative contribution of each process parameter on multiple 
performance characteristics is determined through ANOVA that enables more 
accurate determination of the optimal process parameter levels as suggested by Ross, 
1996. 
The ANOVA is a computional technique, which is used to estimate the 
relative significance of each process parameter in terms of percent contribution on the 
overall response (Ross, 1996). The ANOVA table contains the degrees of freedom, 
sum of squares, mean square and percentage contribution. The parameters with higher 
percentage contribution are ranked higher in terms of importance in the experiment 
and also have significant effects in controlling the overall response. Table 4.52 shows 
the results of ANOVA performed on multiple performance characteristics. It is clearly 
observed in ANOVA table that the feed rate has major contribution (98.71%) in 
optimizing the multiperformance characteristics followed by depth of cut (0.062%) 
and lubricant temperature (0.0466%0. However, depth of cut and lubricant 
temperature do not have any significant effect in optimization at 95% confidence 
level. Further, it is also seen that the ANOVA has resulted in around 1.18% of error 
contribution, indicating that the interaction effects of the process parameters are 
negligible for simultaneously minimizing the surface roughness and power 
consumption during steel turning. 
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Table 4.52 ANOVA for multi-performance characteristics 
(95% confidence level) 
Parameter DF SS MS % contribution 
Feed rate (mm/rev) 2 19.046 9.5230 98.71 s 
Depth of cut (nun) 2 0.0120 0.0060 0.062 ns 
Lubricant 
temperature(0) 
2 0.0090 0.0045 0.0466 ns 
Error 2 0.227 0.1135 1.18 
Total 8 19.294 - 100.00 
Verification Test of Optimal Result 
The verification experiment is the final step in Taguchi design. The predicted 
optimum value of SIN ratio (11W ) is determined as described by Phadke, 1989: 
Pr 
'rte  = m+L j .' ' — ml 
	 (4.85) 
where, m is the mean value of SIN ratio, (m;)rn is the S/N ratio of optimum 
level i of parameter j and p is the number of main design parameters that affect the 
multiple performance. The predicted SIN ratio for the optimum parameter levels (Al, 
E2 and 03) is -50.8086 dB. 
The validation experiment was conducted according to the optimal process 
parameter levels (Al, B2 and 63). Two trials were conducted and the corresponding 
surface roughness and cutting force values were measured. The average value of 
surface roughness is 10.23µm and the computed value of power consumption for the 
optimal parameter setting is 10.95 Kw. The multi-performance SIN ratio for the 
confirmation experiment is -50.4924 dB. In order to judge the closeness of observed 
value of SIN ratio with that of the predicted value, the confidence interval value of ?lop, 
for the optimum process parameter level combination at 95% band is determined. The 
Confidence Interval (CI) is reported by Ross (1988): 
CI = F(, )ve 1 + 1 	 (4.86) 
near n.,1 
where, ye is the degree of freedom for error = 2, F( J,,,,) is the F value for 95% 
confidence interval = 18.51, Ve is the variance of error = 0.1135, nqf = N/1+v, N = 
total trial number = 9, v = degrees of freedom of process parameters = 6, n7er is the 
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If the prediction error (gpred — , ) is within the CI value, then the optimum 
factor level combination and additive model for the factor effects are valid. In the 
present case study, for the optimal process parameter settings, rj is -50.4924 dB. 
Hence, the prediction error is 0.316 dB, which is within the C.I. value of ± 1.638 dB, 
and hence, justifying the adequacy of the additivity of the model. Thus, the optimal 
process parameter level combination for simultaneously minimizing the surface 
roughness and power consumption in cutting is Al, B2 and 93. 
The plots of two factor interaction effects on multi-response SIN ratio of 
multiple characteristics are generated using MINITAB statistical. Figure 4.60 shows 
the interaction effect of depth of cut and feed rate. It can be observed from Figure 
4.60 that the effect of variations of depth of cut on multiperformance SIN ratio of 
performance characteristics is less when the feed rate is high (0.15mmlrev) as 
compared to the depth of cut variations when the feed rate is either at low level 
(0.05mm/rev) or at medium level (0.10mm/rev). Next the degree of interaction effect 
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Figure 4.60 Interaction effect plot of feed rate and depth of cut 
The interaction effect due to lubricant temperature and feed rate is exhibited in 
Figure 4.61. The effect of variations of lubricant temperature on multi-performance 
SIN ratio of performance characteristics is less when the feed rate is higher level as 
compared to the depth of cut variations when the feed rate is either at low level 
(0.05mmlrev) or at medium level (0.10mm/rev). The interaction effect due to 
lubricant temperature and depth of cut is shown in Figure 4.62. From this graph it can 
be seen that the degree of mutual interaction between the lubricant temperature and 
depth of cut on multi-response SIN ratio is more. 





-51 	 r 	 -#- 02 
	
\ r 	# 0.4 
i l 	\ 	.` -#- 	05 
X52. 	 ~•' 
.. 	 , 
a'~r 
/ 
-54 	/` 	N 
' L 
-s5 
10 	36 	SD 
Ted► mo 
Figure 4.62 Interaction effect plot of depth of cut and temperature of 
lubricant 
From the results of analysis of means (ANOM), it is found that the 
combinations required for simultaneously minimizing the surface roughness and 
power consumption in turning EN-31 steel with tungsten carbide insert under MQL 
are, feed rate at low level, depth of cut at middle level and lubricant temperature at 
higher level. As observed from Eq. 4.76 and Figure 4.57, the lower values of feed rate 
and higher values of lubricant temperature are required to minimize the power 
consumption during steel turning under MQL conditions. However, the surface 
roughness increases with an increase in lubricant temperature (higher level), because 
of the reduction of viscosity of lubricant. Hence, a trade off is necessary for lubricant 
temperature for simultaneous optimization. This also agrees with the previous 
investigations carried out by Braga et al. (2002). It is worth mentioning here that the 
optimal combination of feed rate, depth of cut and lubricant temperature required to 
minimize the surface roughness may not be the same for minimizing the power 
consumption alone during turning EN-31 steel. The proposed utility concept in this 
study finds a trade-off combination of feed rate, depth of cut and lubricant 
temperature suitable for simultaneously optimizing both the performance 
characteristics. The application of Taguchi approach with utility concept has been 
employed to determine the best combination values of cutting parameters, such as 
feed rate, depth of cut and MQL lubricant temperature for simultaneously minimizing 
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the surface roughness and power consumption during turning of EN-31 steel using 
tungsten carbide tool. The optimal process parameter levels were obtained through 
ANOM and the percent contribution of each process parameter in optimizing the 
multiple performances was determined through ANOVA. The results of ANOM 
indicate that a combination of lower level of feed rate, middle level of depth of cut 
and higher level of lubricant temperature are necessary for simultaneously minimizing 
the surface roughness and power consumption. The ANOVA also resulted in around 
1.18% of error, indicating that the interaction effects of process parameters on 
optimization of multiple performances are negligible. The results of ANOVA clearly 
indicate that the feed rate is more effective parameter as compared to depth of cut and 
MQL lubricant temperature. On the other hand, depth of cut and lubricant temperature 
has minimum effect in optimizing the machinability characteristics at 95% confidence 
level. The utility based Taguchi method has been found fruitful for evaluating the 
optimum parameter setting. This approach is efficient enough to solve a multi-
response optimization problem. Confirmatory test has validated the parameter setting 
determined by utility based Taguchi method at 95% confidence level. 
The conclusions drawn from this work are: 
1. Lubricant temperature has significant effect an surface roughness and power 
consumption in turning of En-31 steel. 
2. The effect of feed rate is much more pronounced than the effects of depth of 
cut and MQL lubricant temperature (10% boric acid + SAE-40 oil), on the 
surface roughness. 
3. For minimum surface roughness, use of lower feed rate (0.05mm/rev), 
medium depth of cut (0.4mm) and low lubricant temperature (10°c) i.e. 
A1B2C1 are recommended to obtain better surface roughness for the specific 
test range. Thus the surface finish is better if cooled lubricant is applied. 
4. For minimum power consumption low feed rate (0.05 mm/rev), high depth of 
cut (0.6mm) and high lubricant temperature (50°c) i.e. A1B3C3 are optimum 
parameters. 
5. Deviations between actual and predicted SIN ratio of surface roughness and 
power consumption are small. 
6. To control turning process in terms of minimizing the power consumption 
MQL (10% boric acid+SAE-40 oil) lubricant temperature plays an important 
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role. On increasing the lubricant temperature the cutting forces decreases 
means minimum power consumption (power consumption decrease by 21%). 
7. Surface finish deteriorates as the lubricant temperature increases within the 
specified range. 
8. The feed rate has major contribution (98.71%) in optimizing the multi-
performance characteristics followed by depth of cut (0.062%) and lubricant 
temperature (0.0466%0. However, depth of cut and lubricant temperature does 
not have any significant effect in optimizing the multiple performances at 95% 
confidence level. Further, it is also seen that the ANOVA has resulted in 
around 1.18% of error contribution, indicating that the interaction effects of 
the process parameters are negligible for simultaneously minimizing the 
surface roughness and power consumption during steel turning. 
9. The combinations required for simultaneously minimizing the surface 
roughness and, power consumption in turning EN-31 steel with tungsten 
carbide insert under MQL are, feed rate at low level, depth of cut at middle 
level and lubricant temperature at higher level. 
l0. 	The utility based Taguchi method has been found fruitful for evaluating the 
optimum parameter setting. This approach is efficient enough to solve a multi-
response optimization problem. Confirmatory test has validated the parameter 






Based on the results of the experiments and analyses carried out the following general 
conclusions are drawn: 
• Application of solid-liquid mixture lubricants with a brush at the metal cutting 
zone is a better technique for reducing the cutting tool temperature as 
compared to cooling with flooded water and soluble oil mixture fluids while 
turning EN-31 steel. 
• The reduction of tool temperature due to solid-liquid lubricants is due to 
reduction in heat produced at the chip-tool interface because of lubricating 
action by the solid-liquid lubricants seeping in the chip-tool interface, when 
applied at the shearing zone, as the coefficient of friction is much lower in this 
case as compared to flooded coolant applications. 
• The reduction in tool temperature with flooded coolant application is due to 
the cooling action of the fluid applied. In this case the coefficient of friction is 
even higher than in dry machining. 
• 10% boric acid + SAE-40 oil is the best solid-liquid lubricant out of the 
various combinations of solid-liquid lubricants applied with a brush is the best 
technique that improves all the machinability parameters. As a negligible 
quantity of lubricant seeps to the chip-tool interface, it may be regarded as a 
true minimum quantity lubrication technique (MQL) or near dry lubrication 
(NDL) technique. 
e The tool-work thermocouple technique is a good method for measuring the 
average chip-tool interface temperature during metal cutting. The benefits of 
using the tool-work thermocouple are its ease of implementation and its low 
cost as compared to other techniques. 
• The calibration technique used in this work is more simple and reliable 
technique as compared to other technique. 
• The net percentage decrease in the chip-tool interface temperature value 
is dependent upon the type of minimum quantity lubrication. So there is 
decrease of chip-tool interface temperature values approximately from 
18% to 20.48% due to flood, 23% due to 10% graphite + SAE-40 oil, 
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28% due to 10% MoS2 + SAE-40 oil and 31% due to 10% boric acid + 
SAE-40 base oil as compared to dry machining. This shows the 
superiority of 10% boric acid +SAE -40 mixtures when used as lubricant 
in reducing the chip-tool interface temperature. 
• Minimum quantity lubricant (10% boric acid +SAE-40 oil) reduces the cutting 
forces by about 6% to 9% due to flood, 12% due to 10% graphite + SAE-40 
oil, 23% due to 10% MoS2 + SAE-40 oil and 48.23% due to 10% boric acid + 
SAE-40 base oil. Similarly, the feed force reduces by4% to 6% due to flood 
cooling, 16.92% due to 10% graphite + SAE-40 oil, 33.07% due to 10% MoS2 
+ SAE-40 oil and 49.89% due to 10% boric acid + SAE-40 base oil. 
• The surface quality is better controlled by the minimum quantity lubricants 
(10% boric acid + SAE-40 base oil, 10% MoS2 + SAE-40 base oil and 10%. 
graphite + SAE-40 base oil). There is decrease in surface roughness values 
approximately from 4 to 8% due to flood machining, 10 to 12% 10% graphite 
+ SAE-40 base oil, 14 to 17% due to 10% MoS2 + SAE-40 base oil and 26% 
due to 10% boric acid mixed with SAE-40 base oil. 
• Minimum quantity lubricant reduces the tool wear rate by about 9% to 13.84% 
due to flood machining, 12 to 28.41% due to 10% graphite + SAE-40 base oil, 
35% due to 10% MoS2 + SAE-40 base oil and 46.35% due to 10% boric acid 
mixed with SAE-40 base oil as compared to dry machining. 
• The reduction in chip thickness was observed to be maximum (7% to 26%) 
with minimum quantity of lubrication technique as compared to dry and flood 
cutting. The minimum quantity lubricant (10% boric acid + SAE-40 base oil) 
reduces the chip thickness. 
• Machining with 10% boric acid + SAE-40 base oil consumes the lowest power 
i.e. 41% less as compared to 10% graphite + SAE-40 base oil, 10% MoS2 + 
SAE-40 base oil followed by dry and flood machining. 
• The size and shape of chips produced with MQL are the most favorable ones 
for machining. Therefore, the chips obtained in MQL cutting conditions are 
easy to handle and economical to dispose off. Due to minimum quantity 
lubricant application, color of the steel chips shows more effective cooling and 
improvement in the nature of interaction at the chip-tool interface. 10% boric 
acid mixed with SAE-40 base oil (MQL) is more favorable for breaking the 
produced chips into the desired shape and size as compared to 1O% graphite + 
SAE-40 oil, 10% MoS2 +SAE-40 oil, dry and flooded lubricant machining 
during steel turning operation. 
• The shear angle increases to a maximum of 12% in MQL (solid-liquid) 
machining as compared to dry and flood machining. Higher shear plane angle 
means smaller shear plane which means lower shear force, cutting force, 
power, and cutting temperature and chip thickness. Higher shear plane angle 
produces better surface finish as well as it assists the chip to flow away from 
the work-piece. 
• The feed rate has a higher effect on the chip-tool contact length than the 
cutting speed during turning of EN-31 steel. Hence, at higher feed rates, the 
chip-tool contact length increases. The solid-liquid (MQL) assisted turning 
produces lower values of chip-tool contact length as compared to the dry and 
flood-cooled turning, that results in lower cutting zone temperatures and lower 
tool wear rate. It has been confirmed by the experiments. The reduced chip- 
tool contact length produces lower compression ratio, which improves surface 
finish during steel turning. Among the three (solid-liquid) MQL lubricant 
assisted turning, 10% boric acid + SAE-40 oil assisted turning is more 
effective as compared to 10% MoS2 + SAE-40 oil, 10% graphite + SAE-40 oil 
assisted turning. 
• The MQL(solid-liquid) assisted turning produced low values of specific 
cutting force compared to dry and flood turning and it produces lower cutting 
zone temperatures and tool wear rate, which improves the surface finish 
during steel turning. Among the three (solid-liquid) MQL lubricant assisted 
turning, 10% boric acid + SAE-40 oil assisted turning shows better results as 
compared to 10% MoS2 + SAE-40 oil, 10% graphite + SAE-40 oil assisted 
turning. 
• Among the three (solid-liquid) MQL lubricant assisted turning, 10% boric acid 
+ SAE-40 oil assisted turning shows maximum machining ratio as compared 
to 10% MoS2 + SAE-40 oil, 10% graphite + SAE-40 oil assisted turning. Dry 
and flood condition assisted turning observed low values of maximum 
machining ratio as compared to solid-liquid lubricant turning. So, it can 
199 
beconcluded that early failure of the cutting tool occurs in dry machining 
followed by flood coolant and then (solid-liquid) MQL machining. 
• The microhardness of chip is the lowest when machining is performed with 
10% boric acid mixed with SAE-40 base oil (MQL) compared to other solid-
liquid lubricants, dry and flooded coolant machining. 
• Global Lubricant index determined by AHP TOPSIS method has also proved 
that 10% boric acid + SAE-40 oil MQL is the best technique. 
• Mathematical models developed using RSM coupled with factorial design to 
predict the various machinability parameters such as chip-tool interface 
temperatures, cutting forces, surface roughness, tool wear rate, chip thickness, 
chip micro-hardness and power consumption for turning EN31 steel with 
tungsten carbide tool under dry, flooded coolant machining and solid-liquid 
MQL lubricants are statistically valid and sound. These are validated by the 
confirmation run experiments therefore proven that they could be used for 
prediction within the range of cutting speed, feed rate, depth of cut, tool nose 
radius and concentration of - solid lubricants specified. These models can be 
utilized to select the levels of turning parameters. Using these models, a 
noticeable savings in time and cost may be expected. (emprical models are 
given in Annexure II) 
• ROVOP technique is a useful technique that scans the entire area determining 
optimal values of cutting velocity and percentage concentration of lubricants. 
The maximum cooling efficiency is obtained at optimum combination of 
higher cutting velocity (189m/min) and lower combination of solid-liquid 
lubricants (10% solid lubricants + SAE-40 oil). 
The maximum cooling efficiency is obtained when applying 10%boric acid 
with SAE-40 base oil during steel turning operations as compared to 10% 
graphite and 10% MoS2 powder mixed with SAE-40 base oil. 
• The application of response surface approach with grey relational grade 
analysis to determine the best combination values of cutting parameters, such 
as cutting speed, feed rate, depth of cut and tool nose radius for 
simultaneously improving different machinability characteristics during 
turning of En31 steel with tungsten carbide tool under dry, flooded and MQL 
(solid-liquid) machining is an efficient multi-objective optimization technique. 
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A multi-objective performance characteristic is calculated, called as grey 
relational grade by using grey relational analysis. The response surface models 
developed for the grey relational grade are reliable models. Then, multi-objective 
optimization is done using these response surface models. The model predictions 
agree well with the experimental results. The best combination of cutting parameters 
that improve the machinability indices (such as chip-tool interface temperature, 
surface roughness, cutting forces, and tool wear and chip thickness) simultaneously 
are determined by the method (The models are given in Annexure III). 
The principal component analysis, used to . determine the corresponding 
weighting values of each performance characteristics whilst applying grey relational 
analysis to a problem with multiple-performance characteristics, is proven to be 
capable of objectively reflecting the relative importance of each performance 
characteristic. 
These developed grey relational models can be effectively used to predict 
the correlation between machining parameters and multi-performance grey 
relational grade under dry, flooded and solid-liquid (MQL) lubricant/cooling 
machining. These developed models will help in selecting the best combinations 
of machining parameters for achieving optimum multi-performance 
(machinabiliaty) characteristics during steel turning process under given 
machining conditions. This eventually reduces the machining time, operation 
efforts, cost and save the cutting tools. A good combination among the 
machining parameters can provide better multi-performance characteristics 
(highest grey relational grade). 
The proposed algorithm greatly simplifies the optimization design of lathe 
turning parameters with multiple-performance characteristics. Thus, the solutions 
from this method can be used by engineers who are willing to search for an 
optimal solution of metal cutting operation. In future, this study can be extended 
to different metal cutting operation with different work materials and machine 
tools and hybrid optimization technique. 
• Optimum combination of machining parameters for the best machinability of En-
31 steel material are cutting velocity 189m/min, feed rate 0.06mm/rev, depth of 
cut 0.2mm, tool nose radius 1.2mm and MQL (10% boric acid + SAE-40 oil). 
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• Various machinability indices at this optimum combination of cutting parameters 
are chip-tool interface temperature 291.83°c, cutting force 84.22 N, feed force 
54.70 N, surface roughness 8.19Inn, tool wear rate 0.240 mglmin and chip 
thickness 0.30mm. 
The conclusions drawn from the study of the effect of temperature of MQL on 
machinability, using Taguchi design and Utility concept, are given below. 
• The effect of feed rate is much more pronounced than the effects of depth of cut 
and MQL lubricant temperature (10% boric acid + SAE-40 oil), on the surface 
roughness. 
• For minimum surface roughness, use of lower feed rate (0.05mm/rev), medium 
depth of cut (0.4mm) and low lubricant temperature (10°c) are recommended to 
obtain better surface finish for the specific test range. Thus the surface finish is 
better if cooled lubricant is applied. 
• For minimum power consumption low feed rate (0.05mm/rev), high depth of cut 
(0.4mm) and high lubricant temperature (50°c) are optimum parameters. 
• Deviations between actual and predicted SIN ratio of surface roughness and 
power consumption are small. 
• To control turning process for minimizing the power consumption with MQL 
(10% boric acid+SAE-40 oil), the lubricant temperature plays an important role. 
On increasing the lubricant temperature the cutting forces decrease means 
minimum power consumption. Power consumption decrease by 21%. 
• Surface finish deteriorates as the lubricant temperature increases within the used 
range of parameters. 
• The analysis of means (ANOM) technique has proved that the combinations 
required for simultaneously minimizing the surface roughness and power 
consumption in turning EN-31 steel with tungsten carbide insert under MQL are: 
feed rate at low level, depth of cut at middle level and lubricant temperature at 
higher levels. 
• The utility based Taguchi method applied to this problem is a fruitful technique 
for evaluating the optimum parameter setting. This approach is efficient enough to 
solve multi-response optimization problem. Confirmatory test has validated the 







Recommendations for future work 
Based on the research study that has been carried out, several 
recommendations for further work can be made. These are: 
1. The concepts developed in this study can be further applied to machine the 
composites and alloys using various machining operations like turning, 
milling, boring, grinding etc. 
2. Based on the results of our experiments, application of neural network 
technology to monitor the condition of the tool in real time can be 
experimented. 
3. Due to difficulty in directly measuring stress, strain and cutting temperature 
distribution in the cutting areas, finite element model can be developed to 
predict the distribution of cutting temperature, stress and strain generated in 
the machining zone. 
4. Vibration based studies can be carried out to study the effect of the vibration 
of the machine on the responses. To develop the relationship between the 
vibration levels at various cutting conditions on the machinability indices such 
as chip-tool interface temperatures, cutting force components, surface 
roughness, tool wear, chip thickness and metal cutting power etc. 
5. Simulation based studies on the responses under different cooling/lubricating 
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ANNEXURE I 
A. Experimental Results 
TABLE I 
For dry machining (chip-tool interface temperature, thrust force, feed force, 
surface roughness, tool wear rate, chip thickness and chip-micro hardness) (Average 
of three observations) 
Exp. 
No. 






1 186°  176.58 117.20 10.98 0.066 0.472 1175.39 
2 149 197.43 121.20 10.37 0.054 0.453 1145.75 
3 290 223.06 125.37 12.24 0.080 0.475 1224.43 
4 224 260.10 129.08 11.91 0.062 0.428 1189.51 
5 249 244.00 129.30 13.20 0.22 0.55 1209.08 
6 238 278.46 134.00 12.95 0.130 0.51 1182.32 
7 327 300.00 137.00 14.52 0.273 0.539 1245.30 
8 310 318.68 142.00 13.98 0.240 0.501 1218.46 
9 364 186.00 116.10 11.00 0.69 0.47 1169.04 
10 350 225.63 120.40 10.34 0.580 0.443 1140.23 
11 403 223.00 127.7 12.16 0.696 0.455 1208.8 
12 389 265.00 130.6 11.69 0.657 0.436 1182.00 
13 458 239.54 125.40 12.36 0.98 0.535 1189.90 
14 439 270.52 134.76 12.04 0.942 0.521 1169.89 
15 480 267.42 136.00 13.45 0.970 0.52 1240.71 
16 467 312.80 140.00 13.00 0.851 0.483 1209.65 
17 413 234.00 129.00 11.58 0.388 0.50 1191.10 
18 399 249.00 128.00 12.00 0.335 0.4731 1186.26 
19 387 255.00 125.02 11.89 0.427 0.475 1189.00 
20 408 267.00 131.1 11.79 0.410 0.492 1196.00 
21 395 243.18 127.50 12.23 0.334 0.486 1179.43 
22 427 253.61 127.01 12.51 0.338 0.5 1201.00 
23 390 249.89 126.49 11.88 0.430 0.479 1194.20 
24 383 245.38 131.02 12.09 0.440 0.480 1183.70 
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TABLE 2 
For flooded machining (chip-tool interface temperature, thrust force, feed 
force, surface roughness, tool wear rate, and chip thickness) (Average of three 
observations) 




1 179 166.77 109.80 10.08 0.053 0.453 
2 145 176.00 116.70 9.89 0.050 0.442 
3 265 220.06 117.90 12.13 0.053 0.436 
4 219 245.00 124.40 11.23 0.045 0.407 
5 245 216.00 124.70 12.80 0.134 0.512 
6 235 243.04 131.50 12.29 0.130 0.497 
7 321 294.00 130.03 13.78 0.170 0.518 
8 303 317.00 134.20 13.36 0.165 0.489 
9 360 145.38 107.91 10.60 0.530 0.462 
10 344 173.23 115.10 9.90 0.430 0.432 
11 400 206.00 118.40 11.89 0.619 0.443 
12 384 235.00 124.42 11.45 0.564 0.413 
13 449 200.00 123.00 12.09 0.883 0.514 
14 429 232.00 129.30 11.86 0.853 0.482 
15 468 261.42 132.00 12.93 0.894 0.501 
16 462 301.00 136.50 12.42 0.790 0.474 
17 331 227.10 125.80 11.45 0.354 0.454 
18 330 23I.00 123.40 11.87 0.331 0.467 
19 335 215.00 121.43 11.48 0.320 0.472 
20 338 223.70 120.70 11.67 0.400 0.479 
21 351 217.00 118.90 11.08 0.280 0.475 
22 342 221.60 126.90 10.97 0.336 0.459 
23 322 219.98 124.60 12.01 0.335 0.472 
24 345 224.00 119.80 11.92 0.334 0.465 
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TABLE 3 
For (graphite+SAE-40 base oil) lubrication 
(Chip-tool interface temperature, thrust force, feed force, surface roughness, 









1 434.43 285.00 105.00 11.98 0.600 0.450 
2 292.86 295.00 117.47 12.76 0.127 0.502 
3 362.74 199.00 85.30 10.89 0.249 0.380 
4 211.16 225.00 105.00 10.95 0.034 0.410 
5 411.59 211.36 95.98 11.75 0.52 0.455 
6 219.09 239.80 107.00 11.79 0.105 0.49 
7 327.61 264.70 124.90 11.96 0.112 0.489 
8 141.84 186.79 89.30 10.49 0.04 0.401 
9 448.71 274.68 102.00 12.49 0.892 0.49 
10 310.88 293.00 113.00 13.56 0.141 0.512 
11 379.22 182.00 78.00 11.30 0.47 0.416 
12 276.37 207.00 98.10 11.48 0.092 0.463 
13 433.36 206.00 88.29 11.09 0.812 0.459 
14 238.32 224.00 105.78 12.70 0.105 0.493 
15 344.23 157.00 68.00 10.46 0.307 0.400 
16 178.22 186.20 82.00 10.49 0.041 0.411 
17 432.26 298.00 119.00 12.08 0.601 0.471 
--18 290.69 316.00 132.00 12.93 0.133 0.500 
19 360.02 194.00 96.54 11.09 0.252 0.400 
20 228.10 206.01 114.00 11.20 0.035 0.424 
21 409.06 221.70 117.90 11.78 0.76 0.468 
22 243.78 166.78 74.20 10.43 0.245 0.40 
23 326.73 175.30 84.20 10.40 0.25 0.389 
24 141.42 190.00 101.70 10.44 0.04 0.402 
25 449.38 214.00 116.40 12.60 0.856 0.496 
26 311.30 293.10 127.00 13.70 0.142 0.501 
27 376.73 188.00 101.00 11.47 0.473 0.44 
28 275.42 193.10 110.50 12.09 0.043 0.456 
29 429.04 220.02 109.00 11.50 0.89 0.467 
30 237.69 225.39 118.00 12.74 0.112 0.494 
31 341.65- 161.00 87.34 10.51 0.304 0.412 
32 178.58 187.00 96.38 10.75 0.041 0.422 
33 389.05 199.34 94.00 11.80 0.267 0.447 
34 376.I2 204.49 102.00 11.08 0.279 0.460 
35 363.54 195.89 100.09 11.30 0.267 0.448 
36 383.00 208.34 99.09 10.99 0.43 0.453 
37 386.00 218.30 103.00 11.49 0.28 0.470 
38 379.08 220.00 105.00 10.70 0.45 0.451 
39 385.00 217.89 99.05 10.90 0.256 0.460 
40 359.05 219.38 95.30 I1.90 0.456 0.458 
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TABLE 4 
For (MoS2 +SAE-40 base oil) lubrication 
(Chip-toot interface temperature, thrust force, feed force, surface roughness, 
tool wear rate, and chip thickness) (Average of three observations) 










1 409.56 231 98.76 11.42 ' 0.530 0.42 
2 274.23 264 104 11.95 0.150 0.46 
3 342.32 187.35 87.54 10.64 0.310 0.361 
4 200.35 176.58 93.80 10.70 0.032 0.406 
5 392.246 180.08 87.58 11.15 0.452 0.410 
6 213.938 215 94.00 11.68 0.100 0.420 
7 316.00 137 83.10 10.09 0.247 0.352 
8 134.696 156.96 85.42 10.29 0.039 0.39 
9 420.096 231 86.59 11.55 0.593 0.401 
10 288.937 265 96.00 12.45 0.240 0.44 
11 354.64 165.42 79.00 11.03 0,489 0.39 
12 256.882 186.60 88.00 11.13 0.140 0.408 
13 408.352 160 82.20 11.06 0.550 0.417 
14 222.307 190.59 86.00 12.08 0.110 0.46 
15 324.87 149 74.30 10.46 0.305 0.378 
16 167.251 151 74.72 10.45 0.040 0.410 
17 406.803 248.69 99.00 11.38 0.580 0.43 
18 273.172 287.50 107.60 11.98 0.190 0.47 
19 341.969 147.15 91.00 10.39 0.390 0.36 
20 199.36 186.39 95.30 10.54 0.057 0.391 
21 390.00 181 88.30 11.03 0.420 0.43 
22 212.796 229 94.00 11.39 0.103 0.40 
23 314.825 130 73.50 9.20 0.290 0.35 
24. 134.636 170 86.50 9.43 0.040 0.38 
25 418.128 224 90.30 12.40 0.650 0.44 
26 288.12 274 91.76 12.93 0.280 0.46 
27 354.317 156.77 83.59 10.98 0.460 0.38 
28 255.96 178.03 84.00 11.63 0.160 0.42 
29 408.215 178.00 83.27 11.50 0.541 0.42 
30 222.879 209 85.32 11.90 0.112 0.451 
31 324.942 118.09 68.00 9.34 0.301 0.36 
32 167.020 152.40 77.00 10.46 0.040 0.39 
33 365.00 180 87.00 11.08 0.254 0.43 
34 355.00 196.10 85.45 10.99 0.276 0.405 
35 342.77 187 84.00 10.96 0.290 0.403 
36 362.00 165.36 87.56 10.87 0.247 0.412 
37 354.12 188.90 87.00 11.10 0.280 0.430 
38 353.67 190.48 89.30 10.90 0.300 0.407 
39 363.18 166.77 90.600 11.04 0.231 0.401 
40 338.50 177.90 88.00 11.47 0.249 0.408 
218 
TABLE 5 
For (boric acid+ SAE-40 base oil) lubrication 
(Chip-tool interface temperature, thrust force, feed force, surface roughness, 











1 388.00 228.00 66.82 10.62 0.52 0.368 
2 259.41 245.67 84.35 11.51 0.148 0.390 
3 309.12 148.98 62.55 10.08 0.31 0.354 
4 190.63 173.00 83.00 10.45 0.032 0.395 
5 368.53 160.64 55.76 10.70 0.448 0.342 
6 202.30 188.00 71.00 10.88 0.093 0.385 
7 295.05 103.00 51.90 9.08 0.247 0.306 
8 127.15 124.00 64.50 9.30 0.034 0.371 
9 402.82 231.00 62.00 11.64 0.578 0.378 
10 276.09 247.00 78.90 12.22 0.20 0.42 
11 341.02 124.00 58.86 9.96 0.474 0.36 
12 246.22 146.00 72.64 10.70 0.09 0.394 
13 385.638 135.00 56.00 11.00 0.471 0.369 
14 210.90 164.00 67.92 11.20 0.101 0.430 
15 309.40 98.00 50.76 9.86 0.304 0.342 
16 158.94 107.00 55.00 9.90 0.043 0.400 
17 382.95 230.00 69.00 11.19 0.484 0.358 
18 258.26 259.58 81.60 11.47 0.14 0.387 
19 322.40 127.53 64.00 9.06 0.34 0.330 
20 195.75 166.80 81.00 10.20 0.024 0.370 
21 364.852 161.80 53.00 10.44 0.488 0.320 
22 216.936 182.00 66.00 11.05 0.105 0.39 
23 291.83 84.22 54.70 8.19 0.24 0.30 
24 127.08 134.00 66.00 8.90 0.035 0.37 
25 398.40 220.00 68.67 11.41 0.502 0-376 
26 273.94 240.00 79.30 12.10 0.157 0.407 
27 336.351 137.40 59.00 10.16 0.387 0.348 
28 243.6 170.00 75.00 10.45 0.042 0.380 
29 383.00 141.00 54.20 11.58 0.482 0.365 
30 209.66 153.00 68.21. 11.48 0.108 0.408 
31 306.13 73.69 44.00 9.06 0.35 0.309 
32 157.43 101.80 56.00 8.58 0.025 0.390 
33 348.00 160.00 61.20 10.56 0.23 0.360 
34 335.958 146.80 63.00 9.70 0.220 0.354 
35 325.09 137.34 62.87 10.09 0.20 0.359 
36 343.95 148.50 65.00 9.90 0.231 0.357 
37 337.02 147.15 60.40 10.21 0.198 0.370 
38 335.598 137.34 58.86 10.18 0.207 0.340 
39 344.073 156.96 63.12 9.79 0.248 0,359 
40 321.34 150.00 58.50 10.45 0.216 0.353 
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B. Results of Power Consumption in Metal Cutting 
TABLE 6 
Power consumption for dry and flooded machining (P = V x Fc) (Average of 
three observations) 
Exp. No. Pd (watt) Pf (watt) 
1 7254 6504.03 
2 7699.77 6864 
3 8699.34 8580 
4 10143.9 9555 
5 9516 8424 
6 10859.94 9477 
7 11700 11466 
8 12428.52 12363 
9 33373.62 27461.7 
10 42644.07 32697 
11 42147 38934 
12 50085 44415 
13 45273.06 37800 
14 51128.28 43848 
15 50542.38 49329 
16 59119.2 56889 
17 26208 25435.20 
18 27888 	,. 25872 
19 28560 24080 
20 29904 25054.4 
21 27236.16 24304 
22 28404.32 24819.2 
23 27987.68 24637.76 
24 27482.56 25088 
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TABLE 7 
Power consumption for MQL (solid-liquid) machining 
(P = V x Fc) (Average of three observations) 
Exp. No. Pg (watt) Pm (watt) Pb (watt) 
1 53865 43659 43092 
2 11505 10296 9581.13 
3 37611 35407.26 28157.22 
4 8775 6886.62 6747 
5 39947.04 34035.12 30360.96 
6 9352.2 8385 7332 
7 31521.42 25893 19467 
8 7284.81 6121.44 4836 
9 51914.52 43659 43659 
10 11427 10335 9633 
11 34398 31307.85 23436 
12 8073 7277.4 5694 
13 38934 30240 25515 
14 8736 7433.01 6396 
15 29673 28161 18522 
16 7261.8 5889 4173 
17 56322 47002.41 43470 
18 12324 11212.5 10123.62 
19 36666 27811.35 24103.17 
20 8034.39 7269.21 6505.2 
21 41901.3 34209 30580.2 
22 10323.3 8931 7098 
23 33131.7 24570 15917.58 
24 7410 6630 5226 
25 40446 42336 41580 
26 11430.9 10686 9360 
27 35532 2962.9.53 25968.6 
28 7530.9 6943.17 6630 
29 41583.78 33642. 26649 
30 8790.21 8151 5967 
31 30429 22319.01 13927.41 
32 7293 5943.6 3970.2 
33 22326.08 20160 17920 
34 22902.88 21963.2 16441.6 
35 21939.68 20944 15382.08 
36 23334.08 18520.32 16632 
37 24449.6 21156.8 16480.8 
38 24640 21333.76 15382.08 
39 24403.68 18678.24 17579.52 
40 24570.56 19924.8 16800 
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ANNEXURE II 
C. STATISTICAL MACHINABILITY MODELS 
Dry machining 
• Chip-tool interface temperature Td°C 
Table 1 ANOVA for modified second-order model 
Source DF SS MS F-value . P-value 
Model 6 184197 30699 160.82 0.000 s 
Residual error 17 3245 191 - - 
Lack-of-fit 10 1700 170 0.77 0.658 ns 
Pure error 7 1546 221 - - 
Total 23 187442 - - - 
S = 13.8163, 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
98.30%, 	= 97.70% 	= 96.60% 	= 6339.65 
Modified model 
Td=-56.20+4.49v+851 f+2384-29.80r-0.0132v2 - 0.838vd 	(1) 


















1 23 0.10 0.4 0.4 200.7576 199.87 0.44 
2 39 0.13 0.5 0.8 288.2818 290.58 -0.79 
3 112 0.15 0.7 0.8 485.81 487.92 -0.43 
4 189 0.06 0.7 10.2 391.9254 395.86 -1.00 
5 80 0.05 0.3 10.2 276.599 273.47 1.13 
6 65 0.05 0.6 00.4 320.628 321.0 -0.10 
222 
a Main cutting force Fc(d) 
Table 3 ANOVA for modified model 
Source DF SS MS F-value P-value 
Model 5 26819.8 5364 74.87 0000s 
Residual 
error 
18 1289.5 71.6 - - 
Lack-of-fit 11 638.7 58.10 0.62 0.77 ns 
Pure error 7 650.80 93 - - 
Total 23 28109.3 - - - 
S = 8.46402 	Rsq. = 	Rsq(adj) 	Rsq(pred) 	Press 
95.40%, 	= 4.10% 	= 92.26% 	=2176.52 
Modified model 
FCd = 84.10 + 0.174v + 853 f + 110d + 42.Or - 1.73vf 	(2) 















1 23 	- 0.10 0.4 -'0.4 230.223 23714 -3.047 
2 39 0.13 0.5 0.8 281.6049 284.10 -0.89 
3 112 0.15 0.7 0.8 313.074 312.7 0.12 
4 189 0.06 0.7 1.2 275.9478 272.88 1.11 
5 80 0.05 0.3 1.2 217.15 219.12 -0.90 
6 65 0.05 0.6 0.4 215.2375 213.41 0.85 
7 200 0.06 0.4 0.4 210.12 209.08 0.50 
. Feed force Ffd 
Table 5 Analysis of variance for response surface modified feed 
force model 
Source DF SS MS F-value P-value 
Model 3 911.65 303.88 105.96 0.000s 
Residual error 20 57.36 2.87 - - 
Lack-of-fit 5 10.21 2.04 0.65 0.67 ns 
Pure error 15 47.15 3.14 - - 
Total 23 969.01 - - - 
S = 1.69352 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press 
94.40%, 	= 93.20% 	= 91.84% 	=79.1043 
223 
Modified model 
Ffd = 107 + 84.7f + 21.7d + 52.1 Ofr 	 (3) 
















1 23 0.10 0.4 0.4 126.673 130.80 -3.26 
2 39 0.13 0.5 0.8 134.970 135.81 -0.62 
3 112 0.15 0.7 0.8 141.599 140.43 0.826 
4 189 0.06 0.7 1.2 132.28 129.3 2.25 
5 80 0.05 0.3 1.2 122.702 126.00 -2.6 
6 65 0.05 0.6 0.4 124.519 125.60 -0.868 
7 200 0.06 0.4 0.4 120.986 117.98 2.50 
* Surface roughness Ra(d) 
Table 7 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 5 22.5863 4.5173 108.70 0.000s 
Residual error 18 0.7480 0.0416 - - 
Lack-offit 11 0.1800 0.0164 0.20 0.99 ns 
Pure error 7 0.5680 0.0811 - - 
Total 23 23.3343 - - - 
S = 0.203852 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press 
96.80%, 	= 95.90% 	= 95.59% 	= 1.02804 
Modified model 
Rad = 8.98 + 28.60f+ 3.03d - 0.567r + 0.000018v2 - 0.0699vf 	(4) 
















1 23 0.10 0.4 0.4 12.5839 12.59 -0.0484 
2 39 0.13 0.5 0.8 13.3423 13.69 -2.605 
3 112 0.15 0.7 0.8 13.8988 13.71 1.30 
4 189 0.06 0.7 1.2 11.8969 10.96 7.88 
5 80 0.05 0.3 1.2 10.3842 10.45 -0.63 
6 65 0.05 0.6 0.4 11.760 11.80 -0.34 
7 200 0.06 0.4 0.4 11.472 11.57 -0.85 
8 189 0.06 0.2 1.2 10.382 10.42 -0.37 
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Tool wear rate TWd 
Table 9 ANOVA for second-order modified model 
Source DF 55 MS F-value P+ value 
Regression 4 1.96222 0.49056 257.74 0.000 s 
Residual error 19 0.03616 0.00190 - - 
Lack-of-fit 4 0.00671 0.00168 0.85 0.513 ns 
Pure error 15 0.02945 0.00196 - - 
Total 23 1.99839 - - - 
S = 	Rsq.= 	Rsq(adj) = 	Rsq(pred) = 	Press 
0.0436272, 	98.20%, 	97.8% 97.16 	0.0566787 
Modified model 
TWd = -0.013 5 + 1.05f+ 0.000015 V2  + 0.01 I 6 of - 0.000478 yr (5) 














error (%)  
1 23 0.10 0.4 0.4 0.12172 0.122 -0.233 
2 39 0.13 0.5 0.8 0.18971 0.20 5.43 
3 112 0.15 - 0.7 0.8 0.48421 0.465 3.97 
4 189 0.06 0.7 1.2 0.60844 0,605 0.57 
5 80 0.05 0.3 1.2 0.13551 0.124 8.49 
6 65 0.05 0.6 0.4 0.12764 0.115 9.90 
7 200 0.06 0.4 0.4 0.75046 0.80 -6.60 
8 189 0.06 0.2 1.2 0.60844 0.62 -2.062 
• Chip-thickness tc(d) 
Table 11 ANOVAfor second-order modified model 
Source DF SS MS F-value P-value 
Model 3 0.0219129 0.0073043 85.21 0.000 s 
Residual error 20 0.0017144 0.0000857 - - 
Lack-of- fit 5 0.0001156 0.0000231 0.22 0.95 ns 
Pure error 15 0.0015989 0.0001066 - - 
Total 23 0.0236273 - - - 
S = 0. 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press = 
0.0092586 	92.70%, 	= 91.70% 	= 89.93% 	0.00237889 
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Modified model 
tcd= 0.441 + 0.730f- 0.0205r - 0.043dr 	 (6) 
















1 23 0.10 0.4 0.4 0.5029 0.49 2.167 
2 39 0.13 0.5 0.8 0.5051 0.51 -0.97 
3 112 0.15 0.7 0.8 0.5085 0.49 3.64 
4 189 0.06 0.7 1.2 0.42366 0.43 -1.50 
5 80 0.05 0.3 1.2 0.43686 0.44 -0.72 
6 65 0.05 0.6 0.4 0,45685 0.42 8,066 
7 200 0.06 0.4 0.4 0.4643 0.48 -3.4 
8 189 0.06 0.2 1.2 0.44206 0.43 2.73 
• Chip micro-hardness (VHN)d 
Table 13 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 14026.0 3506.5 132.04 0.000 s 
Residual 
error 
19 504.6 26.60 - - 
Lack-of-fit 12 162.40 13.50 0.28 0.975ns 
Pure error 7 342.20 48.90 - - 
Total 23 14530.60 - - - 
S = 5.15332 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 




VHNd = 1153 - 0.0664v + 321f+ 105d - 35.10r 	 (7) 















1 23 0.10 0.4 0.4 1171542 1175.61 -0.176 
2 39 0.13 0.5 0,8 1169.076 1166.50 0.22 
3 112 0.15 0.7 0.8 1172.678 1169.59 0.26 
4 189 0.06 0.7 1.2 1124.65 1126.70 -0.1822 
5 80 0.05 0.3 1.2 1156.72 1160 -0.283 
6 65 0.05 0.6 0.4 1149.02 1149.83 -0.0696 
7 200 0.06 0.4 0.4 1119.666 1116.80 0.256 
Flooded coolant machining 
• Chip-tool interface temperature Ti(°c) 
Table 15 ANOVA second-order modified model 
Source DF SS MS F-value P-value 
Model 6 159559 26593 331.14 0.000 s 
Residual error 17 1365 80 - - 
Lack-of-fit 10 766 77 0.89 0.578ns 
Pure error 7 599 86 - - 
Total 23 160924 - - - 
S = 8.96152 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press 
99.20%, 	= 98.90% 	= 98.31% 	= 2743.34 
Modified model 
Tf= 14.4 + 2.16v + 856f + 218d - 25.90r - 0.00317v2 - 0.717vd 	(8) 
Table _16 Results of confirmation tests for Ti analysis 
















1 23 0.10 0.4 0.4 218.348 219.40 --0.4817 
2 39 0.13 0.5 0.8 279.640 280.84 -0.43 
3 112 0.15 0.7 0.8 422.05 420.19 0.44 
4 189 0.06 0.7 1.2 390.852 388.32 0.6477 
S 80 0.05 0.3 1.2 227.44 225.54 0.835 
6 65 0.05 0.6 0.4 277.253 280.51 -1.77 
7 200 0.06 0.4 0.4 393.80 392-80 0.253 
8 189 0.06 0.2 1.2 348.95 351.80 -0.817 
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Main cutting force Fcf 
Table 17 ANOVA for second-order modified model 
Source DF SS • MS F-value P-value 
Model 5 36829.6 7365..90 258.21 0.000s 
Residual 
error 
18 513.5 28.50 - - 
Lack-of-fit 11 322.8 29.30 1.08 0.479as 
Pure error 7 190.70 27.20 -. - 
Total 23 37343.0 - - - 
S = 5.34103 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press 
98.60%, 	` 98.20% 	` 97.36% 	984.970 
Modified model: 
Fcf= 99.80 - 0.198v + 552f + 165d + 0.119vr + 175fr (9) 
















1 23 0.10 0.4 0.4 224.540 220.10 1.97 
2 39 0.13 0.5 0.8 268.250 270.30 -0.76 
3 112 0.15 0.7 0.8 307.586 306.21 0.447 
4 189 0.06 0.7 1.2 250.587 252.00 -0.563 
5 80 0.05 0.3 1.2 182.984 180.00 1.63 
6 65 0.05 0.6 0.4 220.124 222.20 0.938 
7 200 0.06 - 0.4 0.4 17304 175.01 -1.13 
8 189 0.06 0.2 1.2 168.087 164.30 2.25 
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. Feed force Ffr 
Table 19ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 3 1098.16 366.05 87.84 0.000s 
Residual error 20 83.35 4.17 - - 
Lack-of-fit 5 12.99 2.60 0.55 0.73ns 
Pure error 15 70.35 4.69 - - 
Total 23 1181.51 - - - 
S = 2.04143 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 92.90%, 	= 91.90% 	=91.12% 	=104.947 
Modified model 
Fff = 94.20 + 149f + 19d + 7.40r 	 (10) 
















1 23 0.10 0.4 0.4 119.829 120.81 -0,818 
2 39 0.13 0.5 0.8 129.138 132.14 -2.32 
3 112 0.15 0.7 0.8 135.821 134.90 0.678 
4 189 0.06 0.7 1.2 125.280 126.30 -0.82 
5 80 0.05 0.3 1.2 116.324 113.40 2.51 
6 65 0.05 0.6 0.4 116.124 116.98 -0.737 
7 200 0.06 0.4 0.4 113.634 113.49 0.126 
8 189 0.06 0.2 1.2 115.769 113.89 1.623 
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. Surface roughness Raf 
Table 21 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 6 21.5817 3.5970 46.34 0.000 s 
Residual error 17 1.3197 0.0776 - - 
Lack-of-fit 10 0.2825 0.0282 0.19 0.99ns 
Pure error 7 1.0372 0.1482 - - 
Total 23 22.9014 - - - 
S = 0.278619 	Rsq.= 	Rsq(adj) 	Rsq(pred) 	Press 
94.20%, 	= 92.20% 	= 91.59% 	=1.92510 
Modified model 
Raf= 7.76 + 35.10f + 5.05d - 0.609r - 0.0653vf-19.30fd 	(11) 
















1 23 0.10 0.4 0.4 12.1242 11.89 1.931 
2 39 0.13 0.5 0.8 12.0225 12.08 -0.48 
3 112 0.15 0.7 0.8 12.6597 12.09 4.50 
4 189 0.06 0.7 1.2 10.540 10.41 1.23 
5 80 0.05 0.3 1.2 8.88 9.10 -2.5 
6 65 0.05 0.6 0.4 11.704 11.80 -5.68 
7 200 0.06 0.4 0.4 10.395 10.08 3.04 
8 189 0.06 0.2 1.2 8.01509 8.06 -0.561 
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. Tool wear rate Twr 
Table 23 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 3 1.66877 0.55626 404.09 0.000 s 
Residual error 20 0.02753 0.0013 8 - - 
Lack-of-fit 5 0.00343 0.00069 0.43 0.822ns 
Pure error 15 0.002410 0.00161 - - 
Total 23 1.69630 - - - 
S = 0.0371023 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press = 
= 98.4%, 	= 98.20% 	= 97.01% 	0.0507309 
Modified model 
Twf = 0.0250 + 0.000010 v2 - 0.000436 yr + 0.0194vf (12) 
















1 23 0.10 0.4 0.4 0.07089 0.071 0.562 
2 39 0.13 0.5 0.8 0.12497 0.131 -4.83 
3 112 0.15 0.7 0.8 0.43729 0.45 -2.91 
4 189 0.06 0.7 1.2 0.50332 0.51 0.33 
5 80 0.05 0.3 1.2 0.12474 0.13 -4.213 
6 65 0.05 0.6 0.4 0.11896 0.12 -0.030 
7 200 0.06 0.4 0.4 0.62292 0.61 2.074 
8- 189 0.06 0.2 1.2 0.50332 0.492. 2.25 
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• Chip-thickness to 
Table 25 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 6 0.0200936 0.0033489 73.52 0.000s 
Residual error 17 0.0007744 0.0000456 - - 
Lack-of-fit 10 0.0002855 0.0000285 0.41 0.903ns 
Pure error 7 0.0004889 0.0000698 - - 
Total 23 0.0208680 - - - 
S = 	Rsq.= 	Rsq(adj) = 	Rsq(pred) 	Press 
0.00674917 	96.30%, 	95.20% 	= 94.14% 	=0.00122 
Modified model 
tcf= 0.438 + 0.000110 v + 0.686f -0.0737d - 0.0333r 
- 0.000001v2 - 0.00124vf + 0.396fd 
















1 23 0.10 0.4 0.4 0.4787 0.50 -4.44 
2 39 0.13 0.5 0.8 0.4859 0.48 1.21 
3 112 0.15 0.7 0.8 0.4831 0.47 2.71 
4 189 0.06 0.7 1.2 0.3752 0.40 -6.60 
5 80 0.05 0.3 1.2 0.4136 0.40 3.28 
6 65 0.05 0.6 0.4 0.4255 0.41 3.64 
7 200 0.06 0.4 0.4 0.41298 0.44 -6.54 
8 189 0.06 0.2 1.2 0.40002 0.38 5.05 
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MINIMUM QUANTITY LUBRICANT MACHINING 
(Boric acid + SAE-40 oil) 
. Main cutting force FCb 
Table 27 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 83005 11858 167.93 0.000s 
Residual error 32 2260 71 - - 
Lack-of-fit 9 358 40 0.48 0.872ns 
Pure error 23 1901 83 - - 
Total 39 85265 - - - 
S = 8.40318 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
97.30%, 	96.80% 	= 95.85% 	= 3550.01 
Modified model 
Fcb = 58.7 - 0.61v + 466f -f- 94.6d + 33.5r + 0.00195v2 
+ 860fd - 39.10dr 	 (14) 

















1 110 0.15 0.7 0.8 15 246.52 250.00 1.41 
2 39 0.10 0.5 0.4 10 180.34 183.00 -1.47 
3 112 0.15 0.4 1.2 10 195.612 19020 2.77- 
4 200 0.06 0.2 0.4 20 82.171 80.93 1.511 
5 114 0.13 0.4 0.8 10 170.93 172.50 -0.92 
6 189 0.05 0.6 1.2 15 130.974 128.31 2.03 
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t Feed force Fffr 
Table 29 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 3435 490.71 91.52 0.000s 
Residual error 32 171.60 5.36 - - 
Lack-of-fit 9 54.74 6.08 1.20 0.343ns 
Pure error 23 116.85 5.08 - - 
Total 39 3606.59 - - - 
S = 2.31563 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
= 95.30%, 	94.80% 	= 92.85% 	= 269.115 
Modified model: 
Ffb = 46.9 - 0.201v + 119f + 40.30d + 13.40r 
+ 0.000591v2 - 0.0637vd - 76.5fr 
	 (15) 

















1 110 0.15 0.7 0.8 15 74.6362 70.53 5.50 
2 39 0.10 0.5 0.4 10 73.0677 74.08 -1.39 
3 112 0.15 0.4 1.2 10 65.2277 60.34 7.49 
4 200 0.06 0.2 0.4 20 46.516 45.10 3.044 
5 114 0.13 0.4 0.8 10 63.1159 60.12 4.75 
6 189 0.05 0.6 1.2 15 64.4185 69.60 -8.043 
• Surface Roughness Rai 
Table 31 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 8 32.9775 4.1222 51.86 0.000s 
Residual error 3.1 2.4642 0.0795 - - 
Lack-of-fit 24 1.8162 0.0757 0.82 0.671ns 
Pure error 7 0.6480 0.0926 - - 
Total 39 35.4418 - - - 
S = 0.281941 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
= 93.30%, 	91.80% 	= 88.85% 	= 4.08476 
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Modified model 
Rab = 5.54 + 36.4f + 4.46d +0. 106c  - 0.00867vd 
- 0.00486vr - 15.10fd - 0.789fc 	 (16) 

















1 110 0.15 0.7 0.8 15 11.2559 11.40 -1.28 
2 39 0.10 0.5 0.4 10 10.6811 9.88 7.50 
3 112 0.15 0.4 1.2 10 10.7129 10.70 0.120 
4 200 0.06 0.2 0.4 20 8.8724 9.90 -11.58 
5 114 0.13 0.4 0.8 10 10.4665 10.51 -0.415 
6 189 0.05 0.6 1.2 15 8.4958 9.49 -11.70 
. Tool Wear Rate Tw6 
Table 33 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 8 1.06788 0.13349 260.55 0.000 s 
Residual error 31 0.01588 0.00051 - - 
Lack-of-fit 24 0.01382 0.00058 1.96 0.183ns 
Pure error 7 0.00206 0.00029 - - 
Total 39 1.08376 - - - 
S = 0.0226343 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
=98.50%, 	98.20% 	= 97.38% 	= 0.0284365 
Modified model 
Twb = - 0,109 + 0.000804v + 0.83 If+ 0.0993r+ 0.000004v2  
+ 0.0045 7vf - 0.120dr + 0.0141 do - 0.00616rc - 	 (17) 
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1 110 0.15 0.7 0.8 15 0.3142 0.32 -1.85 
2 39 0.10 0.5 0.4 10 0.09094 0.08 12.03 
3 112 0.15 0.4 1.2 10 0.27669 0.30 -8.43 
4 200 0.06 0.2 0.4 20 0.35374 0.34 3.884 
5 114 0.13 0.4 0.8 10 0.25855 0.25 3.31 
6 189 0.05 0.6 1.2 15 0.31935 0.30 6.06 
• Chip thickness tcb 
Table 35 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 9 0.0320658 0.0035629 60.87 0.000 s 
Residual error 30 0.0017558 0.0000585 - - 
Lack-of-fit 23 0.0012578 0.0000547 0.77 0.706ns 
Pure error 7 0.0004980 0.0000711 - - 
Total 39 0.0338216 - - 
S = 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
0.00765034 	= 94.80%, 	93.30% 	= 90.83% 	= 0.00310209 
tcb = 0.384 - 0.000967v + 0.523f- 0.0246r + 0.00123c + 0.000002v2  
+ 0.000410vd - 0.359fd -0. 149fr  + 0.0342dr 	 (18) 

















1 110 0,15 0.7 0.8 15 0.3688 0.38 -3.036 
2 39 0,10 0.5 0.4 10 0.3986 0.42 -5.37 
3 112 0.15 0.4 1.2 10 0.3054 0.28 8.30 
4 200 0.06 0.2 0.4 20 0.3237 0.30 7.32 
5 114 0.13 0.4 0.8 10 0.3372 0.34 -0.84 
6 189 0.05 0.6 1.2 15 0.3284 0.30 8.65 
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(Graphite + SAE-40 base oil) 
o Chip-tool interface temperature Tg(°c) 
Table 37 ANOVA for second-order model 
Source DF SS MS F-value P-value 
Regression 16 294130 18383.1 212.18 0.000 s 
Linear 5 255988 9457.6 109.16 0.000s 
Square 1 31112 31102.7 358.99 0.000s 
Interaction 10 7031 703.10 8.11 0.000s 
Residual error 23 1993 86.60 - - 
Lack-of-fit 16 1162 72.60 0.61 0.803 ns 
Pure error 7 831 118.7 - - 
Total 39 296123 - - - 
S = 9.30799 	Press = 	Rsq. = 	Rsq(pred) 	Rsq (adj) 
5733.20 	99.33% 	= 98.06% 	=98.86% 
Second-order model 
Tg = -30.874 + 3.036 v + 706.35 f +291.297d - 46.021 r 
- 0.134 c - 0.012 v2 + 1.069 of -- 0.828 vd + 0.104 yr + 0.005vc 
-489.253 fd + 218.55 fr -- 0.931 fc - 21.787 dr + 0.192dc - 0.629 rc 	(19) 















1 23 0.10 0.4 0.4 241.93 244.90 -1.23 
2 39 013 0.5 0.8 281.87 - 	280.88 0.351 
3 112 0.15 0.7 0.8 397.79 399.80 -0.501 
4 189 0.06 0.7 1.2 398.33 399.40 -0.27 
5 80 0.05 0.3 1.2 225.42 220.41 2.23 
6 65 0.05 0.6 0.4 272.14 269.80 0.87 
7 200 0.06 0.4 0.4 393.88 390.78 0.79 
8 189 0.06 0.2 1.2 332.18 330.19 0.56 
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• Main cutting force Fcg 
Table 39 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 58172 14543 85.29 0.000 s 
Residual error 35 5968 171 - - 
Lack-of-fit 12 - 2339 195 1.24 0.319ns 
Pure error 23 3629 158 - - 
Total 39 64140 - - - 
S = 13.0579 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
90.70%, 	= 89.60% 	= 86.89% 	= 8412.56 
Modified model 
Fc$ = 179-0.157v-40.40d+1337fd+223fr 	(20) 

















1 36 0.1 0.4 0.4 10 219.588 225.0 -2.47 
2 39 0.13 0.5 0.8 15 262.774 254.0 3.34 
3 112 0.15 0.7 0.8 20 300.281 296.0 1.43 
4 189 0.06 0.7 1.2 10 193.257 194.30 -0.54 
5 80 0.05 0.3 1.2 15 187.755 189.80 -1.249 
6 67 0.05 0.6 0.4 20 188.811 178.90 5.249 
7 200 0.06 0.4 0.4 10 168.88 168.10 0.461 
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• Feed force Ffg 
Table 41 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 7768.30 1109.80 125.13 0.000s 
Residual 
error 
32 283.80 8.9 - - 
Lack-of-fit 25 186.70 7.5 0.54 0.88ns 
Pure error 7 97.10 13.9 - - 
Total 39 8052.1 - - - 
S = 2.97802 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 96.50%, 	= 95.70% 	= 94.82% 	= 416.820 
Modified model: 
Ffg = 97.6 -- 0.119v + 251 f + 41.30d -- 1.79c 
+ 0.285vf - 140fd + 0.352rc 	 (21) 

















1 36 0.1 0.4 0.4 10 113.87 112.71 1.0187 
2 39 0.13 0.5 0.8 15 115.958 116.60 -0.553 
3 112 0.15 0.7 0.8 20 110.752 110.90 -0.134 
4 189 0.06 0.7 1.2 10 102.7549 100.80 1.902 
5 80 0.05 0.3 1.2 15 91.546 90.60 1.033 
6 67 0.05 0.6 0.4 20 90.7277 89.90 0.912 
7 200 0.06 0.4 0.4 10 88.948 87.96 1.110 
Surface Roughness Rae 
Table 43 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 27.7841 3.9692 53.78 0.000s 
Residual error 32 2.3618 0.0738 - - 
Lack-of-fit 9 0.6348 0.0705 0.94 0.511 ns 
Pure error 23 1.7270 0.0751 - - 
Total 39 30.1459 - - 
S = 0.271671 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 92.20%, 	= 90.50% 	= 88.73% 	= 3.39831 
Modified model: 
Rag = 9.25 - 0.0117v + 21.80f+ 3.62d + 0.00004962v2 -0.05 12  of 
+ 0.00309vr -1.93dr 	 (22) 

















1 36 0.1 0.4 0.4 10 12.0081 11.86 1.24 
3 112 0.15 0.7 0.8 20 12.079 12.098 -0.157 
4 189 0.06 0.7 1.2 10 9.3797 10.10 -7.68 
5 80 0.05 0.3 1.2 15 9.887 9.78 1.082 
6 67 0.05 0.6 0.4 20 11.176 11.20 -0.214 
Tool Wear Rate Twg 
Table 45 ANOVA second-order modified model 
Source DF SS MS F-value P-value 
Model 4 2.47803 0.61951 156.66 0.000 s 
Residual error 35 0.13841 0.00395 - - 
Lack-of-fit 4 0.01414 0.00354 0.88 0.486ns 
Pure error 31 0.1243 0.00401 - - 
Total 39 2.61644 - - - 
S = 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
0.0628844 	= 94.70%, 	= 94.15% 	=92.82% 	=0.193516 
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Modified model 
Twg = -0.0955 + 0.00332v - 0.000009 v2 + 0.0247vf - 0.00123vr 	(23) 

















1 36 0.1 0.4 0.4 10 0.08356 0.084 -0.53 
2 39 0.13 0.5 0.8 15. 0.1071 0.102 4.76 
3 112 0.15 0.7 0.8 20 0.4681 0.48 -3.00 
4 189 0.06 0.7 1.2 10 0.21162 0.210 0.77 
5 80 0.05 0.3 1.2 15 0.09322 0.091 2.40 
6 67 0.05 0.6 0.4 20 0.13632 0.134 1.70 
7 200 0.06 0.4 0.4 10 0.4065 0.41 -0.86 
• Chip thickness tcg 
Table 47 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 0.0500407 0.0071487 95.84 0.000 s 
Residual error 32 0.0023868 0.0000746 - - 
Lack-of-fit 25 0.0019759 0.0000790 1.35 0.361ns 
Pure error 7 0.0004109 0.0000587 - - 
TotaI 39 0.0524275 - - - 
S = 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press = 
0.0086636 	= 95.40%, 	= 94.5% 	= 93.13% 	0.00360088 
tcg = 0.356 + 0.000362v + 0.673f + 0.1 10d -- 0.000002v2  
- 0.000006vc + 0.123fr - 0.0864dr 	 (24) 
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1 36 0.1 0.4 0.4 10 0.4715 0.48 -1.80 
2 39 0.13 0.5 0.8 15 0.4855 0.45- 7.31 
3 112 0.15 0.7 0.8 20 0.4943 0.52 -5.20 
4 90 0.05 0.3 1.2 15 0.3987 0.36 9.70 
5 67 0.05 0.6 0.4 20 0.4302 0.40 7.00 
6 200 0.06 0.4 0.4 10 0.4149 0.39 6.00 
(MoS2 + SAE-40 base oil) 
• Chip-tool interface temperature Tm 
Table 49 ANOVA for second-order model 
Source DF SS MS F-value P-value 
Regression 16 266340 16646.2 252.63 0.000 s 
Linear 5 232838 8600.1 130.52 0.000s 
Square 1 26942 26934 408.76 0.000s 
Interaction 10 6560 656.0 9.96 0.000 s 
Residual error 23 1516 65.9 - - 
Lack-of-fit 16 880 55.0 0.61 0.808 ns 
Pure error 7 635 90.8 - - 
Total 39 267855 - - 
S. = 8.11736 	Press = 	Rsq. = 	Rsq(pred) = 	Rsq(adj) 
4350.21 	99.44% 	98.38% 	99.04% 
Second-order model 
Tm = -24.909 + 3.762 v + 613.987 f +262.63d  - 55.23 r 
-0.184 c - 0.012 v2 - 0.918 vf-0.819vd+0.132vr-393.469fd 
+ 203.880 fr + 0.772 fc - 20.441 dr + 0.162 dc + 0.100 rc 	 (25) 
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1 110 0.15 0.7 0.8 15 425.962 430.89 -1.12 
2 39 0.10 0.5 0.4 10 249.622 246.51 1.23 
3 112 0.15 0.4 1.2 10 391.855 394.92 -0.78 
4 200 0.06 0.2 0.4 20 344.45 350.60 -2.00 
5 114 0.13 0.4 0.8 10 386.146 390.13 1.03 
6 189 0.05 0.6 1.2 15 351.067 348.0 0.87 
• Main cutting force Fcm 
Table 51 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 7 59835.3 8547.90 108.32 0.000 s 
Residual error 32 2525.20 78.90 - - 
Lack-of-fit 25 1653.7 66.10 0.53 0.885ns 
Pure error 7 871.50 124.50 - - 
Total 39 62360.50 - - - 
S = 8.88327 	Rsq. 	. 	Rsq(adj) 	Rsq(pred) 	Press 
	
96.60%, 	= 95.5% 	= 94.09% 	=3692.61 
Modified model: 
Fcm = 123 - 0.270v + 616f --1.23vf + 0.013 7vc + 1025 fd + 106fr - 17.3 0fc (26) 

















1 110 0.15 0.7 0.8 15 285.5753 280.60 1.74 
2 39 0.10 0.5 0.4 10 224.6407 220.70 1.75 
3 112 0.15 0.4 1.2 10 244.9621 245.86 -0.37 
4 200 0.06 0.2 0.4 20 106.3564 105.34 0.96 
5 114 0.13 0.4 0.8 10 218.3187 211.40 3.12 
6 189 0.05 0.6 1.2 15 128.4953 130.59 -1.630 
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• Feed force Ffm 
Table 53 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 2277.66 569.41 106.92 0.000 s 
Residual error 35 186.40 5.33 - - 
Lack-of-ft 12 38.30 3.19 0.50 0.896ns 
Pure error 23 148.10 6.44 - - 
Total 39 2464.06 - - - 
S = 2.30776 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 92.40%, 	=91.6% 	=89.92% 	=248.311 
Modified model: 
Ffm = 61.10 + 104f + 23.90d + 10.90r - 0.000157 v2 	 (27) 

















1 110 0.15 0.7 0.8 15 102.15 103.60 -1.42 
2 39 0.10 0.5 0.4 10 87.81 90.81 -3.42 
3 112 0.15 0.4 1.2 10 99.34 88.54 10.87 
4 200 0.06 0.2 0.4 20 76.48 86.01 -12.46 
5 114 0.13 0.4 0.8 10 92.90 93.80 -0.97 
6 189 0.05 0.6 1.2 15 93.72 89.91 4.07 
• Surface Roughness Ram  
Table 55 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 9 - 23.8512 2.6501 64.82 0.000 s 
Residual error 30 1.2266 0.0409 - - 
Lack-of-fit 23 0.9801 0.0426 1.21 0.424ns 
Pure error 7 0.2465 0.0352 - - 
Total 39 25.0778 - - - 
S = 0.202202 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
95.41%, 	= 93.6% 	= 90.98% 	= 2.26078 
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Modified model: 
Ram = 7.70 + 30.40f + 4.97d - 1.45r + 0.0793c - 0.0281vf 
- 10.60fd - 0.554fc - 0.137dc + 0.0548rc 	 (28) 

















1 110 0.15 0.7 0.8 15 12.993 - 13.41 -3.21 
2 39 0.10 0.5 0.4 10 12.003 12.001 0.02 
3 112 0.15 0.4 1.2 10 1L400 11.6 -1.8 
4 200 0.06 0.2 0.4 20 9.482 10.00 -5.47 
5 114 0.13 0.4 0.8 10 11.5119 10.81 6.097 
6 189 0.05 0.6 1.2 15 9.8837 9.78 1.05 
Tool Wear Rate Twin 
Table 57 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 6 1.17365 0.19561 268.54 0.000 
Residual error 33 0.02404 0.00073 - - 
Lack-of-fit 26 0.01999 0.00077 1.33 0.369ns 
Pure error 7 0.00405 0.00058 - - 
Total 39 1.19768 - - - 
S = 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
0.0269890 	= 98.01%, 	= 97.6% 	= 96.99% 	= 0.0360645 
Modified model. 
Twm = -0.147 + 0.00143v + 0.740f+ 0.488d 
+ 0.00729vf - 0.205dr - 0.00533dc 	 (29) 
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1 110 0.15 0.7 0.8 15 0.4678 0.51 -9.02 
2 39 0.10 0.5 0.4 10 0.21393 0.24 -12.19 
3 112 0.15 0.4 1.2 10 0.34321 0.31 9.68 
4 200 0.06 0.2 0.4 20 0.35186 0.35 0.53 
5 114 0.I3 0.4 0.8 10 0.34964 0.35 -0.39 
6 189 0.05 0.6 1.2 15 0.37388 0.36 3.712 
• Chip thickness tcm 
Table 59 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 0.0298477 0.0074619 44.68 0.000 s 
Residual error 35 0.0058453 0.0001670 - - 
Lack-of-fit 12 0.0027508 0.0002292 1.70 0.132ns 
Pure error 23 0.0030945 0,0001345 - - 
Total 39 0.0356930 - - - 
S = 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press = 
0.0129232 	=83.60% 	=81.80% 	= 77.95% 	0.00787027 
Modified model 
tcm = 0.378 + 0.557f- 0.0325r - 0.000001v2 + 0.0430dr 	 (30) 

















1 110 0.15 0.7 0.8 15 0.44753 0.45 -0.552 
2 39 0.10 0.5 0.4 10 0.42777 0.43 -0.52 
3 112 0.15 0.4 1.2 10 0.43064 0.41 4.792 
4 200 0.06 0.2 0.4 20 0.36186 0.40 -10.54 
5 114 0.13 0.4 0.8 10 0.42517 0.46 -8.19 
6 189 0.05 0.6 1.2 15 0.36208 0.34 6.098 
Power consumption in metal cutting 
• Dry machining 
Table 61 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 590973255 147743313 1734.79 0.000s 
Residual error 19 16111305 851648 - - 
Lack-of-fit 12 8017412 668118 0.57 0.811ns 
Pure error 7 8163893 1166270 - - 
Total 23 592591386 - - - 
S = 922.84 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
=99.80%, 	99.70% 	= 99.51% 	=292948 
Modified model 
Pd = 333+107v + 562vf + 98.5vd + 51.5vr 	 (31) 















1 110 0.15 0.2 0.8 28075 28000 0.267 
2 45 0.1 0.5 1.2 12674.3 12670 0.033 
3 39 0.06 0.4 0.4 8161.08 8108 0.650 
4 189 0.05 0.6 1.2 48717 48700 0.035 
• Flooded coolant machining 
Table 63 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 4 479778841 11994471 3734.76 0.000s 
Residual error 19 6102002 321158 - - 
Lack-of-fit 12 3709706 309142 0.90 0.58ns 
Pure error 7 2392296 341757 - - 
Total 23 480389041 - - - 
S = 566.708 	Rsq.= 	Rsq(adj) = 	Rsq(pred) 	Press 
99.90%, 	99.80% 	= 99.75% 	=117941 
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Modified model 
P(f) = 910 +51.4v + 653vf+ 158vd + 39.7vr 
	 (32) 

















1 110 0.15 0.2 0.8 24308.1 24000 1.27 
2 45 0.1 0.5 1.2 11860.30 11890 -0.25 
3 114 0.13 0.3 0.8 25471.30 24580 3.50 
4 189 0.05 0.6 1.2 43716.61 43110.1 1.39 
• Machining with (graphite + SAE-40 oil) 
Table 65 ANOVA for second-order modified model 
Source DF SS MS F--value P-value 
Model 4 83443724 2086093 463.98 0.000 s 
Residual error 35 15 7363 81 449610 - - 
Lack-of-ft 12 70931315 5910943 1.57 0.169ns 
Pure error 23 86432499 3757935 - - 
Total 39 850173624 - 	- - - 
S = 2120.4 	Rsq. 	Rsq(adj) = 	Rsq(pred) 	Press 
=99.10%, 	97.90% 	=96.91% 	=2623561 
Modified model 
Pg = 1165+71.2v+709vf+98.7vd+23.0yr 	 (33) 

















1 110 0.15 0.2 0.8 15 24890.9 25710.20 -3.30 
2 30 0.1 0.5 1.2 10 7736.50 8840.44 -14.27 
3 112 0.1 0.4 1.2 I0 24593.16 24130.89 2.01 
4 200 0.06 02 0.4 20 29701 30219 -2.00 
5 114 0.13 0.3 0.8 10 25262.32 24098.0 4.61 
6 189 0.05 0.6 1.2 15 37730.83 40521.68 -7.40 
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• Machining with (MoS2+ SAE-40 oil) 
Table 67 ANOVA for second-order modified model 
Source DF SS MS F-value P-value 
Model 8 59563220 7445402 351.52 0.000s 
Residual error 31 656589 211803 - - 
Lack-of-ft 24 547273 22803 1.46 0.316ns 
Pure error 7 109315 156165 - - 
Total 39 602I9809 - - - 
S = 1455.35 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 98.90%, 	= 98.60% 	= 98.05% 	=1173468 
Modified model 
Pm =119+62.6v--10873d+352c+581vf+113vd 
+ 101460 fd + 11777 fr - 2897 fc 	 (34) 

















1 110 0.15 02 0.8 15 17382.27 18010.0 -3.611 
2 50 0.1 0.5 12 10 6086.04 6023.0 1.034 
3 123 0.1 0.4 1.2 10 18617.58 16829 9.6069 
4 200 0.06 0.2 0.4 20 25924.4 26879.10 -3.682 
5 I14 0.13 0.3 0.8 10 17842.92 17800.0 0.241 
6 189 0.05 0.6 1.2 15 27849.50 28943.47 -4.00 
a Machining with (boric acid + SAE-40 oil) 
Table 69 ANOVA second-order modified model 
Source DF SS MS F-value P-value 
Model 6 51877508 8646251 434.57 0.000 s 
Residual error 33 656573 198961 - - 
Lack-of-ft 10 27866349 2786635 1.70 0.142ns 
Pure error 23 37790996 1643087 - - 
Total 39 52534081 - - - 
S = 1410.54 	Rsq. 	Rsq(adj) 	Rsq(pred) 	Press 
= 98.90%, 	= 98.50% 	= 97.96% 	=1069899 
Modified model 
Pb = 3839 — 34671 1-8775 d+ 782 of + 136 vd + 11.0 yr + 102078 fd 	(35) 

















1 110 0.15 0.2 0.8 15 16808.69 16300 3.026 
2 45 0.1 0.5 1.2 10 8261.30 8330 -0.831 
3 112 0.1 0.4 1.2 10 17274.62 18275 -5.79 
4 200 0.06 0.2 0.4 20 16932.68 16800 0.7835 
5 114 0.13 0.3 0.8 10 17923.95 18000 -0.43 
6 189 0.05 0.6 1.2 15 25209.89 24309 3.574 
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ANNEXURE III 
D. MULTIPERFORMANCE OPTIMIZATION 
• Turning with dry cutting 







Ra Tw tc 
1 0.888 0.9337 0.9575 0.8469 0.9870 0.6393 
2 1.00 0.8532 0.8030 0.9928 1.00 0.7950 
3 0.574 0.6729 0.6420 0.5454 0.9719 0.6147 
4 0.773 0.4122 0.4988 0.6244 0.9913 1.00 
5 0.6978 0.5255 0.4903 0.3157 0.8207 0.000 
6 0.7311 0.2830 0.3088 0.3755 0.9179 0.3278 
7 0.462 0.13145 0.1930 0.000 0.7635 0.0901 
8 0.514 0.000 0.000 0.1291 0.7991 0.4016 
9 0.350 1.00 1.00 0.8421 0.3131 0.6491 
10 0.392 0.6548 0.8339 1.00 0.4319 0.877 
11 0.2326 0.6733 0.5521 0.5645 0.3066 0.7786 
12 0.275 0.3777 0.4401 0.6770 0.3488 0.9344 
13 0.0664 0.5569 0.6409 0.5167 0.000 0.1237 
14 0.124 0.3389 0.2795 0.5933 0.0410 0.2377 
15 0.000 0.3607 0.2316 0.2559 0.0107 0.2459 
16 0.0392 0.04137 0.0772 0.3636 0.1393 0.5491 
17 0.2024 0.5959 0.5019 0.7033 0.6393 0.4098 
18 0.2447 0.4903 0.5405 0.6028 0.6965 0.6303 
19 0.2809 0.448 0.6563 0.6291 0.5971 0.6147 
20 0.2175 0.3636 0.4247 0.6531 0.6155 0.4754 
21 0.2567 0.5313 0.5598 0.5478 0.6976 . 0.5245 
22 0.I601 0.4578 0.5791 0.4808 0.6933 0.4098 
23 0.2719 0.4840 0.5988 0.6315 0.5939 0.5819 
24 0.2930 0.5158 0.4633 0.5813 0.5831 0.5663 
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1 0.112 0.0663 0.0425 0.1531 0.013 0.3607 
2 0.000 0.1468 0.197 0.0072 0.000 0.205 
3 0.426 0.3271 0.358. 0.4545 0.0281 0.3853 
4 0.227 0.5878 0.5012 0.3756 0.009 0.000 
5 0.3022 0.4745 0.5097 0.68422 0.1793 1.00 
6 0.2689 0.717 0.6912 0.6245 0.0821 0.6721 
7 0.538 0.8685 0.807 1.00 0.2365 0.9098 
8 0.486 1.00 1.00 0.8709 0.2009 0.5984 
9 0.650 0.000 0.000 0.1579 0.6869 0.3509 
10 0.608 0.3452 0.1661 0.000 0.568 0.123 
11 0.7674 0.3267 0.4479 0.4355 0.6934 0.2214 
12 0.725 0.6223 0.5599 0.323 0.6512 0.0656 
13 0.9336 0.4431 0.3591 0.4833 1.00 0.8763 
14 0.876 0.6611 0.7205 0.4067 0.959 0.7623 
15 1.00 0.6393 0.7683 0.7441 0.9892 0.7541 
16 0.9608 0.9586 0.9228 0.6364 0.8607 0.4509 
17 0.7976 0.4041 0.4981 0.2967 0.3607 0.5902 
18 0.7553 0.5097 0.4595 0.3972 0.3696 0.3696 
19 0.7191 0.552 0.3437 0.3709 0.4029 0.3853 
20 0.7825 0.6363 0.5753 0.3468 0.3845 0.5246 
21 0.7433 0.4686- 0.4402 0.4522 0.3024 0.4755 
22 0.8399 0.5421 0.4208 0.5191 0:3067 0.5902 
23 0.7281 0.5159 0.4012 0.3684 0.4061 0.4181 
24 0.707 0.4842 0.5367 0.4186 0.4169 0.4337 
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Ra Tw tc 
1 0.817 0,8833 0.9216 0.7655 0.9746 0.5813 
2 1.00 0.7739 0.7173 0.9861 1.00 0.7092 
3 0.5399 0,6045 0.5827 0.5241 0.9467 0.5647 
4 0.6877 0.4599 0.4995 0.5710 0.9823 1.00 
5 0.6232 0.5133 0.4955 0.4222 0,7363 0.3333 
6 0.6502 0.4108 0.4198 0.4448 0.8591 0.4266 
7 0.4817 0.3654 0.3825 0.3333 0.6793 0.3548 
8 0.5070 0.3333 0.3333 0.3649 0.7142 0.4553 
9 0.4347 1.00 1.00 0.7610 0.4208 0.5882 
10 0.4512 0.5915 0.7506 1.00 0.4681 0.8025 
11 0,3946 0.6053 0.5279 0.5347 0.4191 0.6934 
12 0.4081 0.4456 0.4721 . 0.6075 0.4344 0.8840 
13 0,3487 0.5302 0.5820 0.5084 0.3333 0.3676 
14 0,3633 0.4310 0.4098 0.5518 0.3448 0.3961 
15 0.3333 0.4389 0.3943 0.4019 0.3378 0.3987 
16 0.3425 0.3429 0.3516 0.4401 0.3676 0.5258 
17 0,3855 0.5530 0.5009 0.6275 0.5813 0.4587 
18 0,3984 0.4955 0.5211 0.5574 0.5753 0.5763 
19 0,4101 0.4752 0.5926 0.5741 0.5543 0.5647 
20 0,3906 0.4401 0.4651 0.5910 0.5656 0.4882 
21 0.4022 0.5161 0.5319 0.5250 0.6234 0.5125 
22 0.3734 0.4798 0.5430 0.4905 0.6198 0.4587 
23 0,4071 0.4926 0.5548 0.5760 0.5518 0.5446 
24 0.4142 0.5080 0.4826 0.5446 0.5458 0.5355 
Table 4 Eigenvalues and explained variation for principal components 
Principal component Ei en value Explained variation 
First 3.2920 54.90 
Second 1.4220 23.7 
Third 0.8875 14.80 
Fourth 0.2554 4.30 
Fifth 0.1046 1.70 
Sixth 0.0384 0.60 
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Table 5 Eigenvectors for principal components 
Quality First Second Third Fourth Fifth Sixth 
characteristic principal principal principal principal principal principal 
component component component component component component 
Cutting 0.398 0.534 0.098 0.290 0.618 0.286 
temperature 
Cutting 0.470 0.275 0.359 0.323 0.312 0.611 
force 
Feed force 0,476 0.325 0.263 0.270 0.255 0.679 
Surface 0.466 0.260 0.208 0.738 0.301 0.190 
roughness 
Tool wear 0.292 0.682 0.086 0.217 0.589 0.218 
Chip- 0.302 0.022 0.861 0.384 0.137 0.009 
thickness 
Table 6 Contribution of each individual quality characteristic for the principal 
component 
Quality characteristic Contribution 
Cutting temperature 0.1584 
Cutting force 0.2209 
Feed force . 	 0.2265 
Surface roughness 0.2171 
Tool wear 0.0852 
Chip thickness 0.0912 
Table 7 Grey relational Grade (Dry cutting) 


























Table 8 Response table for grey relational grade (dry machining) 
Symbol Turning 
parameter 
Levell Leve12 Level3 Max-Min 
V (m/min) Cutting speed 0.5918* 0.50912 0.52585 0.66166 
F (mm/rev) Feed rate 0.6793* 0.50912 0.43839 0.24091 
D (mm) Depth of cut 0.60499* 0.50912 0.4828 0.12219 
R (mm) Tool nose radius 0.564696* 0.50912 0.55299 0.05557 
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Turning parameter level 
l'figure 2 tirey reiational grades grapy for dry macluning 
Table 9 Grey relational constants and coefficients 
Terms Coefficients T-value P-value 
Constant 1.34801 48.30 0.000 
V -0.0032069 -10.54 0.000 
F -4.7916 -21.33 0.000 
D -0.86023 -16.02 0.000 
V*V 0.00001139 9.87 0.000 
V*F 0.004566 4.12 0.001 
V*R -0.0003868 -3.75 0.002 
F*D 3.9858 9.60 0.000 
D*R 0.07733 2.46 0.027 
S = 0.0149529 	R-sq = 99.10% 	Rsq (adj) 	Rsq (pred) 
= 98.70% 	97.68% 
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Second-order grey relational grade model: 
Grd =1.34801-0.0032069y-4.7916f-0.86023  d + 0.0000113 9 v2 + 0.004566 of 
— 0.0003868 yr + 3.9858 fd + 0.07733 dr 	 (1) 
Table 10 ANOVA for second-order grey relational grade model 
Source DF SS MS F-value P-value 
Regression 08 0.382691 0.047836 213.95 0.000 s 
Residual error 15 0.003354 0.000224 - - 
Lack of fit 08 0.001602 0.000200 0.S0 0.622 ns 
Pure error 07 0.001752 0.000250 - - 
Total 23 0.386045 - - 
Table 11 Results of cutting performance using the initial and optimal cutting 
parameters 





i F1 Di  Rj 
Final gain 
Temperature (°c) 387 . 186 201 
Cutting force (N) 255 176.59 78.41 
Feed force (N) 125.02 117.20 7.82 
Surface roughness (µm) 11.89 10.98 0.91 
Tool wear rate (mglmin) 0.427 0.066 0.269 
Chip thickness (mm) 0.475 0.472 0.003 
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• Turning with flooded coolant condition 
Table 12 Grey relational coefficients (flooded coolant condition) 
Exp 
No 
Temperature Cutting force Feed 
force 
Ra Tw tc 
1 0.8260 0.7998 0.8833 0.5561 0.9803 0.5324 
2 1.00 0.7364 0.6472 0.9560 0.5246 0.6596 
3 0.5740 0.5347 0.5885 0.4655 0.980 0.6305 
4 0.6857 0.4629 0.4646 0.5932 1.00 0.9208 
5 0.6176 0.5488 0.4616 0.4009 0.8278 0.3453 
6 0.3623 0.4975 0.4006 0.4975 0.3445 0.4205 
7 0.4789 0.3660 0.3921 0.3333 0.7727 0.3333 
8 0.5055 0.3333 0.3523 0.3594 0.7800 0.400 
9 0.4291 1.00 1.00 0.7352 0.4668 0.4916 
10 0.4480 0.7564 0.6657 1.000 0.990 1.00 
11 0.3878 0.5861 0.5767 0.494 0.4251 0.5861 
12 0.4032 0.4892 0.4646 0.9157 0.4498 0.8417 
13 0.3469 0.6107 0.4868 0.4699 0.3362 0.3412 
14 0.6421 0.4677 0.3773 0.448 0.8333 0.3790 
15 0.3333 0.4262 0.3725 0.3903 0.3333 0.3695 
16 0.3376 0.3556 0.3333 0.4351 0.3631 0.4464 
17 0.4651 0.5120 0.4444 0.5561 0.5787 0.5274 
18 0.4703 0.5004 0.4803 0.4961 0.5975 0.4716 
19 0.4595 0.5518 0.4803 0.5512 0.6067 0.4533 
20 0.4557 0.5230 0.5277 0.5230 0.5095 0.4299 
21 0.4409 0.5448 0.5656 0.6234 0.6443 0.4428 
22 0.4504 0.5296 0.4295 0.6444 0.5932 0.5045 
23 0.4770 0.5347 0.4616 0.4793 0.5941 0.4533 
24 0.4468 0.5219 0.5459 0.4901 0.5952 0.4807 
Table 13 Eigen-values and explained variation for principal components 
Principal component Eigen value Explained variation (%) 
First 2.9715 49.50 
Second 1.3381 22.30 
Third 1.0496 17.50 
Fourth 0.4855 8.10 
Fifth 0.1152 1.90 
Sixth 0.0401 0.70 
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0.333 0.483 0.316 0.716 0.207 0.029 
Cutting force 0.481 0.368 0.315 0.096 0.162 0.706 
Feed force 0.477 0.274 0.389 0.277 0.321 0.605 
Surface 
roughness 
0.462 0.191 0.466 0.303 0.592 0.301 
Tool wear 0.241 0.701 0.126 0.526 0.397 0.017 
Chip-thickness 0.398 0.166 0.646 0.184 0.565 0.209 
Table 15 Contribution of each individual quality characteristic for the principal 
component 
Quality characteristic Contribution 
Cutting temperature 0.1108 
Cutting force 0.2313 
Feed force 0.2275 
Surface roughness 0.2134 
Tool wear 0.0580 
Chip thickness 0.1584 
Table 16 Grey relational Grade (flooded coolant condition) 
Ex p. No. Gry relational Grade 
1  0.737327 
2  0.767285 
3  0.577208 
4  0.619184 
5  0.488642 
6  0.439106 
7  0.395658 
8  0.380102 
9  0.76818 
10 0.80526 







17  0.506836 
18 0.492344 





24  0.509665 
Table 17 Response table for grey relational grade (flooded coolant machining) 
Symbol Turning 
parameter 
Levell Level2 Leve13 Max-Min 
V (m/min) Cutting speed 0.5505 0.509769 0.5547* 0.04493 
F (mm/rev) Feed rate 0.6781 * 0.509769 0.4271 0.25107 
D (mm) Depth of cut 0.61739* 0.509769 0.4878 0.12959 
R(mm) Tool nose radius 0.543165 0.509769 0.56211* 0.0523 
*, shows optimum parameters 
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VI V2 V3 	FL F2 F3 	DL D2 D3 	RI R2 R3 
Tt11th►g par wieter level 
Figure 4 Grey relational grades graph for flooded coolant machining 
Table 18 Grey relational constants and coefficients 
Terms Coefficients T-value P-value 
Constant 1.09149 27.63 0.000 
V -0.0023622 -6.91 0.000 
F -13104 -10.44 0.000 
D -0.63385 -10.49 0.000 
R 0.11039 3.66 0.002 
V*V 0.00001013 6.89 0.000 
F*D 2.9531 5.59 0.000 
F*R -0.8257 -3.12 0.007 
S = 0.0 190341 	R-sq = 98.40% 	Rsq (adj) 	Rsq (pred) _ 
	
97.70% 	95.90% 
Second-order grey relational grade model: 
Grf = 1.09149 -- 0.0023622 v— 3.3104 f— 0.63385 d + 0.11039 r + 0.00001013 v2  + 
2.9531 fd — 0.8257fr 	- 	 (2) 
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Table 19 ANOVA for second-order grey relational grade model 
Source DF SS MS F-value P-value 
Regression 7 0.345575 0.049368 136.26 0.000 s 
Residual error 16 0.005797 0.000362 - - 
Lack of fit 09 0.003683 0.000409 1.36 0.35 ns 
Pure error 07 0.002113 0.000302 - - 
Total 23 0.351372 - - - 
Table 20 Results of cutting performance using the initial and optimal cutting 
parameters 
Performance Initial cutting 
parameters 
(V2 F2 D2 R2) 
Optimal cutting 
parameters 
3 Ft Di R3)  
Final gain 
Temperature (°c) 351 344 7.00 
Cutting force (N) 217 173.23 43.77 
Feed force (N) 118.90 115.10 4.8 
Surface roughness 11.08 9.90 1.18 
Tool wear rate 
(mg/mm)n 
0.280 0.33 -0.05 
Chip thickness (mm) 0.475 0.432 0.043 
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• Turning with 10% graphite t SAE-40 base oil 








Ra Tw tc 
1 0.0485 0.1925 0.4218 0.5212 0.3403 0.4696 
2 0.5082 0.1304 0.2270 0.2848 0.8916 0.0757 
3 0.2813 0.7267 0.7296 0.8515 0.7494 0.9318 
4 0.7735 0.5652 0.4218 0.8333 0.9988 0.7727 
5 0.1227 0.6499 0.5628 0.5909 0.4335 0.4318 
6 0.7479 0.4732 0.3906 0.5787 0.4335 0.1666 
7 0.6676 0.3186 0.1109 0.5271 0.9090 0.1742 
8 0.9986 0.8025 0.6671 0.9727 0.9930 0.8409 
9 0.000 0.2566 0.4687 0.3666 0.000 0.1666 
10 0.4497 0.1428 0.2968 0.0424 0.8752 0.000 
11 0.2278 0.8322 0.8437 0.7272 0.4918 0.7272 
12 0.5617 0.6770 0.5296 0.6727 0.9324 0.3712 
13 0.0520 .0.6832 0.6829 0.7909 0.0932 0.4015 
14 0.6853 0.5714 0.4096 0.3030 0.9172 0.1439 
15 0.3414 0.9822 0.7031 0.9818 0.6818 0.8484 
16 0.8805 0.8062 0.7812 0.9727 0.9918 0.7651 
17 0.0555 0.111 0.2031 0.490 0.3391 0.3106 
18 0.5152 0.000. 0.000 0.2333 0.8846 0.0909 
19 0,2901 0.7577 0.5540 0.7909 '0.7459 0.8484 
20 0.7185 0.6831 0.2812 0.7575 1.00 0.666 
21 0.1309 0.5857 0.2203 0.5818 0.1538 0.333 
22 0.3954 0.9268 0.4734 0.990 0.7540 0.8484 
23 0.3982 0.8739 0.7468 1.00 0.7482 1.00 
24 1.00 0.7801 0.9031 0.9878 0.9930 0.8333 
25 0.00217 0.6335 0.2437 0.333 0.0419 0.1212 
26 0,4483 0.1428 0.0781 0.000 0.8741 0.0833 
27 0.2359 0.7950 0.4843 0.6757 0.4883 0.5454 
28 0.5648 0.7639 0.3359 0.4878 0.9895 0.4242 
29 0.0660 0.5962 0.3593 0.666 0.00233 0.3409 
30 0.6873 0.5627 0.2187 0.2909 0.9090 0.1363 
31 0.3498 1.00 1.00 0.9666 0.6853 0.7575 
32 0.8793 ' 0.8012 0.5565 0.8909 0.9918 0.6818 
33 0.1960 0.7245 0.5937 0.5757 0.7284 0.4924 
34 0.2378 0.6926 0.4687 0.7939 0.7144 0.3939 
35 0.2787 0.7460 0.4985 0.7272 0.7284 0.4848 
36 0.2155 0.6686 0.5142 0.8212 0.5384 0.4468 
37 0.2058 0.6068 0.4531 0.6696 0.7132 0.3181 
38 0.2282 0.5962 0.4218 0.9090 0.5151 0.4621 
39 0.2090 0.6093 0.5148 0.8484 0.7412 0.3939 
40 0.2933 0.6001 0.5734 0.5454 0.5081 0.4090 
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1 0.9515 0.8075 0.5782 0.4788 0.6597 0.5304 
2 0.4918 0.8696 0.773 0.7152 0.1084 0.9243 
3 0.7187 0.2733 0.2704 0.1485 0.2506 0.0682 
4 0.2265 0.4348 0.5782 0.1667 0.0012 0.2273 
5 0.8773 0.3501 0.4372 0.4091 0.5665 0.5682 
6 0.2521 0.5268 0.6094 0.4213 0.5665 0.8334 
7 0.3324 0.68I4 0.8891 0.4728 0.091 0.8258 
8 0.0014 0.1975 0.3329 0.0273 0.007 0.1591 
9 1.00 0.7434 0.5313 0.6334 1.00 0.8334 
10 0.5503 0.8572 0.7032 0.9576 0.1248 1.00 
11 0.7722 0.1678 0.1563 0.2728 0.5082 0.2728 
12 0.4383 0.323 0.4704 0.3273 0.0676 0.6288 
13 0.948 0.3168 0.3171 0.2091 0.9068 0.5985 
14 0.3147 0.4286 0.5904 0.697 0.0828 0.8561 
15 0.6586 0.0178 0.2969 0.0182. 0.3182 0.1516 
16 0.1195 0.1938 0.2188 0.0273 0.0082 0.2349 
17 0.9445 0.890 0.7969 0.510 0.6609 0.6894 
18 0.4848 1.00 1.00 0.7667 0.1154 0.9091 
19 0.7099 0.2423 0.446 0.2091 0.2541 0.1516 
20 0.2815 0.3169 0.7188 0.2425 0.000 0.3334 
21 0.8691 0.4143 0.7797 0.4182 0.8462 0.667 
22 0.6046 0.0732 0.5266 0.01 0.245 0.1516 
23 0.6018 0.1261 0.2532 0.000 0.2518 0.000 
24 0.000 0.2199 0.0969 0.0122 0.007 0.1667 
25 0.9978 0.3665 0.7563 0.667 0.9581 0.8788 
26 0.5517 0.8572 0.9219 1.00 0.1259 0.9167 
27 0.7641 0.205 0.5175 0.3243 0.5117 0.4546 
28 0.4352 0.2361 0.6641 0.5122 0.0105 0.5758 
29 0.934 0.4038 0.6407 0.334 0.9976 0.6591 
30 0.3127 0.4373 0.7813 0.7091 0.091 0.8637 
31 0.6502 0.000 0.000 0.0334 0.3147 0.2425 
32 0.1207 0.1988 0.4435 0.1091 . 	0.0082 0.3182 
33 0.804 0.2755 0.4063 0.4243 0.2716 0.5076 
34 0.7622 0.3074 0.5313 0.2061 0.2856 0.6061 
35 0.7213 0.254 0.5015 0.2728 0.2716 0.5152 
36 0.7845 0.3314 0.4858 0.1788 0.4616 0.5531 
37 0.7942 0.3932 0.5469 0.3304 0.2868 0.6819 
38 0.7718 0.4038 0.5732 0.091 0.4849 0.5379 
39 0.791 0.3907 0.4852 0.1516 0.2588 0.6061 
40 0.7067 0.3999 0.4266 0.4546 0.4919 0.591 
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Ra Tw tc 
1 0.382409 0.463736 0.51083 0.431146 0.485248 0.344471 
2 0.36507 0.392773 0.411455 0.821828 0.35105 0.504134 
3 0.64658 0.649013 0.77101 0.666134 0.879972 0.410273 
4 0.534874 0.463736 0.749963 0.997606 0.687474 0.688231 
5 0.588166 0.533504 0.549995 0.468823 0.468077 0.363029 
6 0.48695 0.450694 0.542711 0.468823 0.374981 0.664805 
7 0.423227 0.359945 0.51398 0.846024 0.377131 0.600673 
8 0.716846 0.600312 0.948227 0.986193 0.75861 0.997208 
9 0.402123 0.484825 0.441151 0.333333 0.374981 0.333333 
10 0.368406 0.415559 0.34303 0.800256 0.333333 0.476054 
11 0.748727 0.761847 0.646998 0.495933 0.646998 0.39302 
12 0.607533 0.515251 0.604376 0.880902 0.442948 0.532879 
13 0.612145 0.61192 0.705119 0.355417 0.455166 0.345304 
14 0.538445 0.458547 0.417711 0.857927 0.368704 0.613723 
15 0.965624 0.627431 0.964878 0.611098 0.767342 0.431555 
16 0.720669 0.695604 0.948227 0.983865 0.680365 0.807103 
17 0.359712 0.385535 0.49505 0.4307 0.42038 0.346141 
18 0.333333 0.333333 0.394726 0.81248 0.354836 0.507717 
19 0.673582 0.528541 0.705119 0.663042 0.767342 0.413257 
20 0.61207 0.41024 0.673401 1.000 0.599952 0.639795 
21 0.546866 0.390717 0.544544 0.371416 0.428449 0.365203 
22 0.872296 0.487045 0.980392 0.670241 0.767342 0.452653 
23 0.798594 0.663834 1.000 0.66507 1.000 0.453803 
24 0.694541 0.837661 0.976181 0.986193 0.749963 1.000 
25 0.577034 0.397994 0.428449 0.342912 0.362634 0.333823 
26 0.368406 0.351642 0.333333 0.79885 0.352933 0.475421 
27 0.70922 0.492271 0.606575 0.494218 0.52378 0.395538 
28 0.679256 0.429516 0.493974 0.979432 0.46477 0.534645 
29 0.55322 0.438327 0.59952 0.333868 0.431369 0.348675 
30 0.533447 0.390229 0.413531 0.846024 0.36665 0.615233 
31 1.000 1.000 0.937383 0.613723 0.673401 0.434707 
32 0.715512 0.529942 0.820883 0.983865 0.611098 0.805542 
33 0.644745 0.551694 0.54095 0.648004 0.496229 0.383436 
34 0.619272 0.484825 0.708115 0.636456 0.452039 0.396134 
35 0.66313 0.499251 0.646998 0.648004 0.492514 0.4094 
36 0.601395 0.507202 0.736594 0.519967 0.474789 0.389257 
37 0.559785 0.477601. 0.602119 0.635486 0.423048 0.386339 
38 0.55322 0.463736 0.846024 0.507666 0.481742 0.393144 
39 0.561356 0.507511 0.767342 0,658935 0.452039 0.393391 
40 0.555617 0.539607 0.52378 0.504083 0.458295 0.414353 
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Table 24 Eigen-values and explained variation for principal components 
Principal component Eigen value Explained variation (%) 
First 3.3993 56.70 
Second 1.6309 27.20 
Third 0.3816 6.40 
Fourth 0.2688 4.50 
Fifth 0.2117 3.50 
Sixth 0.1077 1.8 
Table 24 Eigenvectors for principal components 
Quality First Second Third Fourth Fifth Sixth 
characteristic principal principal principal principal principal principal 
component component component component component component 
Cutting 0.467 0.234 0.026 0.68 0.382 0.344 
temperature 
Cutting force 0.442 0.218 0.768 0.059 0.370 0.163 
Feed force 0.500 0.100 0.263 0.319 0.434 0.617 
Surface 0.193 0.687 0.117 0.475 0 327 0.380 
roughness 
Tool wear 0.484 0.082 0.502 0.270 0.539 0.380 
Chip- 0.254 0.640 0.274 0.366 0.363 0.430 
thickness 
Table 25 Contribution of each individual quality characteristic for the principal 
component 
Quality characteristic Contribution 
Cutting temperature 0.2180 
Cutting force 0.195 
Feed force 0.250 
Surface roughness 0.040 
Tool wear 0.23 
Chip thickness 0.064 
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Table 26 Grey relational grades (10% graphite + SAE -40 oil) 










































Table 27 Response table for grey relational grade 
(Graphite + SAE-40 oil machining) 
Symbol Turning parameter Levell Leve12 Level3 Max-Min  
V (m/min) Cutting speed 0.571267 0.5528 0.583166* 0.0118 
F(mni/rev) Feed rate 0.68708* 0.5528 0.467349 0.2197 
D (mm) Depth of cut 0.64183* 0.5528 0.51260 0.12923 
R(mm) Tool nose radius 0.56589 0.5528 0.58854* 0.03574 
C (%) Concentration of 
solid lubricants. 
0.5858*  0.5528 0.568519 0.0350 
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Tuiiwig, pu;uneter level 
Figure 6 Grey relational grades graph for graphite + SAE-40 oil (MQL) 
machining 
Table 28 Grey relational constants and coefficients 
Terms Coefficients T-value P-value 
Constant 1.13379 28.26 0.000 
V -0.0012040 -2.23 0.033 
F -3.9649 -13.57 0.000 
D -0.75697 -8.56 0.000 
V*V 0.00000678 2.89 0.007 
F*D 2.7161 4.16 0.000 
D*R 0.08056 2.45 0.020 
D*C 0.005618 2.14 0.040 
S = 0.0332627 	R-sq = 95.40% 	Rsq (adj) 	Rsq (pred) _ 
= 94.30% 	92.880% 
Second-order grey relational grade model: 
Gig = 1.13379 - 0.0012040 v - 3.9649 f - 0.75697 d + 0.00000678 V2 +2.7161 fd + 
0.08056 dr + 0.005618 dc 	 (3) 
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Table 29 ANOVA for second-order grey relational grade model 
Source DF SS MS F-value P-value 
Regression 7 0.72612 0.10373 93.76 0.000 s 
Residual error 32 0.03541 0.00111 - - 
Lack of fit 25 0.03038 0.00122 1.69 0.243 ns 
Pure error 7 0.00502 0.00072 - - 
Total 39 0.76153 - - - 
Table 30 Results of cutting performance using the initial and optimal cutting 
parameters 
Performance Initial cutting 
parameters 
(V2 F2 D2 R2 C2) 
Optimal cutting 
parameters 
(V3 F1 Dl R3 Cl) 
Final gain 
Temperature Cc) 376.12 326.73 49.39 
Cutting force (N) 204.49 175.30 29.19 







Tool wear rate 
mg/inin 
________ 
0.279 0.25 0.029 
Chip thickness (mm) 0.460 0.389 0.071 
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0 Turning with 10% MoS2 + SAE-40 base oil. 








Ra Tw tc 
1 0.036908 0.33351 0.223232 0.406417 0.194175 0.416667 
2 0.510975 0.138717 0.090909 0.264706 0.809061 0.083333 
3 0.272453 0.591228 0.506566 0.614973 0.550162 0.908333 
4 0.76978 0.654743 0.348485 0.59893 1.000 0.533333 
5 0.09756 0.634083 0.505556 0.47861 0.320388 0.5 
6 0.722181 0.427956 0.343434 0.336898 0.889968 0.416667 
7 0.364653 0.888377 0.618687 0.762032 0.652104 0.983333 
8 0.999769 0.770557 0.560101 0.708556 0.988673 0.666667 
9 0000 0.33351 0.530303 0.371658 0.092233 0.575 
10 0.459456 0.132814 0.292929 0.131016 0.66343 0.25 
11 0.229295 0.719261 0.722222 0.510695 0.260518 0.666667 
12 0.571746 0.595596 0.494949 0.483957 0.825243 0.516667 
13 0.04114 0.752612 0.641414 0.502674 0.161812 0.441667 
14 0.692864 0.572044 0.545455 0.229947 0.873786 0.083333 
15 0.333581 0.817543 0.840909 0.663102 0.558252 0.766667 
16 0.885727 0.805738 0.830303 0.665775 0.985437 0.5 
17 0.046566 0.229089 0.217172 0.417112 0.113269 0.333333 
18 0.514681 0000 0000 0.256684 0.744337 0000 
19 0.273682 0.828463 0.419192 0.681818 0.420712 0.916667 
20 0.773248 0.596836 0.310606 0.641711 0.956311 0.658333 
21 0.105428 0.628652 0.487374 0.510695 0.372168 0.333333 
22 0.726181 0.345316 0.343434 0.414439 0.885113 0.583333 
23 0.368769 0.929697 1.000 1.000 0.582524 1.000 
24 1.000 0.693584 0.532828 0.938503 0.987055 0.75 
25 0.006894 0.37483 0.436869 0.144385 0000 0.25 
26 0.462318 0.079688 0.4 0000 0.598706 0.083333 
27 0.230427 0.771678 0.606313 0.524064 0.307443 0.75 
28 0.574976 0.646184 0.59596 0.347594 0.79288 0.416667 
29 0.04162 0.646361 0.614394 0.385027 0.176375 0.416667 
30 0.69086 0.463373 0.562626 0.278075 0.87055 0.158333 
31 0.333329 1.000 0.86111 0.962567 0.564725 0.916667 
32. 0.886536 0.797474 0.772727 0.663102 0.987055 0.666667 
33 0.193004 0.634555 0.520202 0.497326 0.640777 0.333333 
34 0.228034 0.53952 0.559343 0.52139 0.605178 0.541667 
35 0.270876 0.593235 0.59596 0.529412 0.582524 0.558333 
36 0.203513 0.720973 0.506061 0.553476 0.652104 0.483333 
37 0.231117 0.58202 0.520202 0.491979 0.598706 0.333333 
38 0.232693 0.572693 0.462121 0.545455 0.566343 0.525 
39 0.199379 0.71265 0.429293 0.508021 0.677994 0.575 
40 0.285834 0.646951 0.494949 0.393048 0.648867 0.516667 
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1 0.963092 0.66649 0.776768 0.593583 0.805825 0.583333 
2 0.489025 0.861283 0.909091 0.735294 0.190939 0.916667 
3 0.727547 0.408772 0.493434 0.385027 0.449838 0.091667 
4 0.23022 0.345257 0.651515 0.40107 0000 0.466667 
5 0.90244 0.365917 0.494444 0.52139 0.679612 0.5 
6 0.277819 0.572044 0.656566 0.663102 0.110032 0.583333 
7 0.635347 0.111623 0.381313 0.237968 0.347896 0.016667 
8 0.000231 0.229443 0.439899 0.291444 0.011327 0.333333 
9 1.000 0.66649 0.469697 0.628342 0.907767 0.425 
10 0.540544 0.867186 0.707071 0.868984 0.33657 0.75 
11 0.770705 0.280739 0.277778 0.489305 0.739482 0.333333 
12 0.428254 0.404404 0.505051 0.516043 0.174757 0.483333 
13 0.95886 0.247388 0.358586 0.497326 0.838188 0.558333 
14 0.307136 0.427956 0.454545 0.770053 0.126214 0.916667 
15 0.666419 0.182457 0.159091 0.336898 0.441748 0.233333 
16 0.114273 0.194262 ' 0.169697 0.3 34225 0.014563 0.5 
17 0.953434 0.770911 0.782828 0.582888 0.886731 0.666667 
18 0.485319 1.000 1.000 0.743316 0,255663 1.000 
19 0.726318 0.171537 0.580808 0.318182 0.579288 0.083333 
20 0.226752 0.403164 0.689394 0.358289 0.043689 0.341667 
21 0.894572 0.371348 0.512626 0.489305 0.627832 0.666667 
22 0.273819 0.654684 0.656566 0.585561 0.114887 0.416667 
23 0.631231 0.070303 0000 0000 0.417476 0000 
24 0000 0.306416 0.467172 0.061497 0.012945 0.25 
25 0.993106 0.62517 0.563131 0.855615 1.000 0.75 
26 0.537682 0.920312 0.6 1.000 ' 0.401294 0.916667 
27 0.769573 0.228322 0.393687 0.475936 0.692557 0.25 
28 0.425024 0.353816 0.40404 0.652406 0.20712 0.583333 
29 0.95838 0.353639 0.385606 0.614973 0.823625 0.583333 
30 '0.30914 0.536627 0.437374 0.721925 0.12945 0.841667 
31 0.666671 0000 0.13889 0.037433 0.435275 0.083333 
32 0.113464 0.202526 0.227273 0.336898 0.012945 0.333333 
33 0.806996 0:365445 0.479798 0.502674 0.359223 0.666667 
34 0.771966 0.46048 0.440657 0.47861 0.394822 0.458333 
35 0.729124 0.406765 0.40404 0.470588 ' 0.417476 0.441667 
36 0.796487 0.279027 0.493939 0.446524 0.347896 0.516667 
37 0.768883 0.41798 0.479798 0.50802I 0.401294 0.666667 
38 0.767307 0.427307 0.537879 0.454545 0.433657 0.475 
39 0.800621 0.28735 0.570707 0.491979 0.322006 0.425 
40 0.714166 0.353049 0.505051 0.606952 0.351133 0.483333 
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Ra Tw tc 
1 0.341742 0.428636 0.391614 0.457213 0.3829 0.461538 
2 0.505548 0.3673 0.354839 0.404762 0.723653 0.352941 
3 0.407316 0.550193 0.503305 0.564955 0.526405 0.84507 
4 0.684725 0.591536 0.434211 0.554896 1.000 0.517241 
5 0.356521 0.577423 0.502793 0.489529 0.423868 0.5 
6 0.642823 0.466399 0.432314 0.429885 0.819629 0.461538 
7 0.440394 0.817497 0.567335 0.677536 0.589695 0.967742 
8 0.999538 0.685454 0.531972 0.631757 0.977848 0.6 
9 0.333333 0.428636 0.515625 0.443128 0.355172 0.540541 
10 0.480518 0.365715 0.414226 0.365234 0.597679 0.4 
11 0.393482 0.640419 0.642857 0.505405 0.403394 0.6 
12 0.538646 0.552851 0.497487 0.492105 0.741007 0.508475 
13 0.342733 0.668997 0.582353 0.50134 0.37364 0.472441 
14 0.619474 0.538819 0.52381 0.393684 0.79845 0.352941 
15 0.428662 0.732647 0.758621 0.597444 0.530928 0.681818 
16 0.813971 0.720189 0.746606 0.599359 0.971698 0.5 
17 0.344013 0.393419 0.389764 0.461728 0.36056 0.428571 
18 0.50745 0.333333 0.333333 0.402151 0.66167 0.333333 
19 0.407725 0.744561 0.462617 0.611111 0.463268 0.857143 
20 0.687993 0.553609 0.420382 0.582555 0.919643 0.594059 
21 0.358533 0.573824 0.493766 0.505405 0.443329 0.428571 
22 0.646146 0.433019 0.432314 0.460591 0.813158 0.545455 
23 0.441996 0.896727 1.000 1.000 0.544974 1.000 
24 1.000 0.620027 0.516971 0.890476 0.974763 0.666667 
25 0.334872 0.444377 0.470309 0.368836 0.333333 0.4 
26 0.481843 0.352035 0.454545 0.333333 0.554758 0.352941 
27 0.393833 0.68651 0.55948 0.512329 0.419267 0.666667 
28 0.540526 0.585606 0.553073 0.433875 0.707094 0.461538 
29 0.342846 0.585728 0.564585 0.44844i 0.377751 0.461538 
30 0.61794 0.452334 0.533405 0.40919 0.794344 0.372671 
31 0.42857 1.000 0.982609 0.930348 0.534602 '0.857143 
32 0.815044 0.711717 0.6875 0.597444 0.974763 0.6 
33 0.382557 0.577738 0.510309 0.498667 •0.581921 0.428571 
34 0.393092 0.520573 0.531544 0.510929 0.55877 0.521739 
35 0.406794 0.551411 0.553073 0.515152 0.544974 0.530973 
36 0.385658 0.641826 0.503049 0.528249 0.589695 0.491803 
37 0.394047 0.544674 0.510309 0.496021 0.554758 0.428571 
38 0.394537 0.539196 0.481752 0.52381 0.535529 0.512821 
39 0.384432 0.635041 0.466981 0.504043 0.608268 0.540541 
40 0.41I805 0.586133 0.497487 0.451691 0.587452 0.508475 
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Table 34 Eigen-values and explained variation for principal components 
Principal component Eigen value Explained variation (%) 
First 3.2536 54.20 
Second 1.9145 31.9 
Third 0.4902 8.20 
Fourth 0.1620 2.70 
Fifth 0.1116 1.90 
Sixth 0.0681 1.10 
Table 35 Eigenvectors for principal components 
Quality First Second Third Fourth Fifth Sixth 
characteristic principal principal principal principal principal principal 
component component component component component component 
Cutting 0.144 0.683 0.006 0.123 0.280 0.647 
temperature 
Cutting force 0.520 0.103 0.180 0.487 0.580 0.336 
Feed force 0.459 0.132 0.722 0.120 0.450 0.187 
Surface 0.515 0.031 0.276 0.729 0.325 0.142 
roughness 
Tool wear 0.104 0.694 0.037 0.281 0.151 0.636 
Chip- 0.472 0.153 0.608 0.349 0.504 0.090 
thickness 
Table 36 Contribution of each individual quality characteristic for the principal 
component 
Quality characteristic Contribution 
Cutting temperature 0.021 
Cutting force 0.27 
Feed force 0.211 
Surface roughness 0.265 
Tool wear 0.011 
Chip thickness 0.222 
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Table 37 Grey relational grades (10% MoS2 + SAE-40 oil) 
Experiment Number Grey relational Grade 









































Table 38 Response table for grey relational grade (MoS2+ SAE-40 oil machining) 
Symbol Turning parameter Levell Level2 Level3 Max-Mm 
V (m/min) Cutting speed 0.5056 0.5202 0.5975* 0.0919 
F (mni/rev) Feed rate 0.63795* 0.5202 0.4478 0.19015 
D(mm) Depth of cut 0.61454* 0.5202 0.48862 0.1259 
R (mm) Tool nose radius 0.54678 0.5202 0.5563* 0.0361 
C (%) Concentration of 
solid lubricants 
0.5642* 0.5202 0.5389 0.044 
*, shows optimum machining parameters 









V1 V2 '3 	F1 F2 F3 	Dl D2 D3 	Rl R2 R3 	CI C2 C3 
Tiuyung parameler level 
Figure 8 Grey relational grades graph for MoS2+ SAE-40 oil (MQL) machining 
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Table 39 Grey relational constants and coefficients 
Terms Coefficients T-value P-value 
Constant 1.12063 17.10 0.000 
F -3.7275 -7.34 0.00 
D -0.666 - 	-5.93 0.000 
C -0.015202 -4.12 0.000 
V*V 0.00000458 5.77 0.000 
V*F -0.004414 -2.75 0.010 
F*D 1.8758 2.96 0.006 
F*C 0.08357 3.29 0.002 
D*C 0.011376 1.99 0.05 
S = 0.0323105 	R sq = 94.30% 	Rsq (adj) 	Rsq (pred) _ 
= 92.80% 	89.50% 
Second-order grey relational grade model: 
Grm = 1.12063 -3.7275 f- 0.666 d-0.015202  c+0.00000458 v2 - 0, 004414 of + 
1.8758 fd + 0.08357 fc + 0.011376 do 	 (4) 
Table 40 ANOV for second-order grey relational grade model 
Source DF SS MS F-value P-value 
Regression 8 0.532028 0.066503 63.70 0.000 s 
Residual error 31 0.032363 0.001044 - - 
Lack of fit 8 0.013 751 0.001719 2.12 0.075 ns 
Pure error 23 0.018612 0.000809 - - 
Total 39 0.564391 - - - 
Table 41 Results of cutting performance using the initial and 
optimal cutting factors 
Performance ' Initial cutting Optimal cutting Final gain 
parameters parameters 
(112 F2 D2R2 C2) (V3-F1 D1 R3 Cl) 
Temperature °c 353.67 314.825 38.845 
Cutting force (N) I90.48 130.00 60.48 
Feed force 89.30 73.50 15.80 
Surface roughness 10.90 9.20 1.7 
{ 	) 
Tool wear rate 0.300 0.290 -0.01 
(m min) 
Chip thickness 0.407 0.35 0.057 
(mm)  
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